CHAPTER 7 

EFFECT OF VARIOUS FACTORS 
ON THE KINEMATIC STRUCTURE 
OF MACHINE TOOLS 


The typical kinematic structure of any machine tool complies in the main 
with requirements of a kinematic nature, and does not always fully meet 
other service requirements, especially those concerned with accuracy and 
production capacity. These requirements are usually met, for the most part, 
by a suitable construction. In certain cases, however, better results can be 
attained when definite modifications are made in the typical kinematic 
structure of the machine tool. 

Lot us consider these possibilities for changing the typical kinematic 
structure in accordance with the processing purpose of the machine tool, its 
universality, the level of the requirements made to the machining accuracy 
and output, dynamic factors associated with operation of the machine tool, 
and requirements made to the setting-up facilities. 

Depending upon the processing requirements, machine tools of the same 
processing group may have different kinematic structures. The group of 
iioring machines can be cited as an example. If in boring a workpiece, end 
flanges must he faced in the same setting, a facing slide is provided on the 
faceplate. This slide has cross feed and carries a single-point tool called, 
in tins case, a fly cutler. The kinematic chain that powers tool cross feed 
fFig. 7Ia) includes a hidden summation drive resulting from gear c rolling 
about gear b since the slide is mounted on the rotating faceplate. This sum- 
mation drive imparts supplementary radial motion to the facing slide and 
the fly cutler so that the actual radial feed does not comply with the normal 
oxpccUid rale. To compensate for this additional displacement, a differential 
(Fig. 71b} is built into the feed group. Two motions are transmitted through 
the differential; one is a slow radial feed motion through change gears /T 

while Ihc otbev is a rapid motion, along gear train 1-4-5-G--^, for compensat- 
ing for ibo surplus radial displacement due to the hidden planetary trans- 
mission. Thus (he kinematic structure of the boring machine has become more 
complex with the application of a fly cutter. 

In addition to the ordinaiy elements and mechanisms required to bore 
holes, the design of a jig borer incorporates very complex devices for readinf^ 
off the co-ordinate dimensions. These devices are required to enable the 
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holes being bored lo be positioned ot the specified co-ordinetes, and gieatly 
alter and complicate the kinematics of an ordinary boiing machine. 

Still another example can be mentioned in which the typical kinematic 
structure is modified to meet the processing requirements. 

If a spiral bevel gear generator is to be used to cut Formate gears 
(Fig. 71c), in addition to the conventional spiral bevel gears, then the typi- 
cal kinematic structure must be changed. The changes that are to be made 
depend upon which of the two methods for cutting Formate gears is used. 
When the first method is applied, the cradle has a nonuniforni motion for 
cutting the pinion member (smaller of the pair), such motion being provided 
by the modified roll mechanism built into the generator (Fig, 71c?), This 
nonuniform rotation of the cradle is obtained as a result of two motions 
of the cradle worm: uniform rotation and nonuniform axial motion trans- 
mitted by the modified roll mechanism through its change gears The 
second method of cutting a Formate pinion involves the setting of the face- 
mill type cutler at an angle to the cradle axis (Fig. 71e). In this case, the 
jiinions are cut by means of a bevel generating gear and not a crown gear 
as ordinarily. Motion can be tran.smitted to the inclined cutter through 
.shafts that are not in alignment, either by means of a telescopic shaft with 
universal joints (Fig. 71/) which are not capable of transmitting heavy 
torques or, through further complication of the drive, enabling motion to 
be transmitted by ordinary gearing between nonaligned shafts (Fig. 71g). 
A drive of the second type can easily accommodate heavy loads. In either 
case, the kinematics of the generator, as far as the drive to the cutter is 
concerned, differs from the typical slmcturc of a .spiral bevel gear generator. 
.Many other examples could be cited .showing the further development of the 
kinematic structure when more extensive demands are made to the proc- 
essing capacity of a machine look This tendency is quite clear however from 
the preceding examples. 

The kinematic structure of a machine tool may be expanded and made 
more comple.x in cases when it is necessary either to extend the processing 
capacities or lo increase the output by increasing tbe number of spindles, 
clamping stations or sections, or when the machine is to be built into an 
automated production line or tran.sfer machine. 

When the proce.ssing capacities of a machine tool are extended, it becomes 
a inulliple-.slructurc machine in Avhicli several different combinations of 
formative, indexing and Iccd-in operative motions can be obtained. This 
enables work of various .shapes lo be machined by various cutting tools in 
performing different processing operations. By and large, it can be said 
llial tlio kmemntic structure of an omniversal machine tool allows for the 
performauce of all the required operations. If only one operation is being 
perfonned only a part of the machine with its partial structure is being 
utilized, lienee, provision must ho made for devices that enable the macliinc 
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to be changed over from one partial structure to another Various proce 
durcs are employed in such multiple-structure machine tools to obtain 
se'oral different partial structures 

There are three mam procedures for changing o\er from one partial struc 
lure to another The first of these involves the use of the available bine 
matic operative members one after another without removing anj from the 
machine which, consequently, does not haie a single interchangeable unit 
The second procedure consists in changing, not only various members but 
whole units of the machine Both of the preceding methods arc employed 
in the third procedure, in which interchangeable units are utilized onij 
partially 

An example of a multiple structure machine tool is one for producing 
globoid worm gearing Model 549, for instance consists of twelve partial 
structures It can be used to machine globoid worms and their conjugate 
worm wheels by means of cutter heads, hobs, shaving cutters, grinding 
wheels and laps, and to perform both roughing and finishing operations 
This machine has various special devices by meins of which any particular 
partial structure may be set up for operation Such devices include for 
example a number of jaw clutches In addition to these intcrstructure 
devices the machine has three bobbing and grinding attachments xvhich 
are u«ed in conjunction with ono of the available partial structures 

Machine tool structures may sometimes differ to some extent if the machine 
tools are of the multiple spindle or multiple-station type m which sever 
al workpieces are machined simultaneously Hero new blanks are loaded 
and the finished work is removed simultaneously with the machining of 
other blanks In these machines (he kinccnatic slructuro is made more com 
plex by the use of parallel kinematic chains, so that a multiple-station 
machine is obtained 

Parallel stations of a machine several spindles or slides are sometimes 
designed in the form of separate sets or units having separate, independent 
but repeated kinematic structures in which case the machine tool is of 
the multiple-section type As a rule, all the sections are mounted on a com 
mon bed, or base Machine tools of this type can handle identical ordifferent 
parts simultaneously An example is the two section gear bobbing machine 
having two sections identical in Kinematics and construction mounted 
on a common base 

The general kinematic structure of all multiple spindle muitipie-stalion 
and multiple-section machine tools is complicated by the provision of 
supplementary identical kinematic groups and intergroup kinematic con 
slrmnls . 

Macl.me tools hased on a diicrsificd structure i c multiple structure 
Upcs cannot be placed into any deCnito class of typical kinematic struc 
tures Therefore the general structure of such machines is determined by 
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the class of the partial structure which produces formative operative motions 
composed of the maximum number of elementary motions. 

When a machine tool is built into a transfer machine or automated produc- 
tion line, the kinematic groups for the controlling motions are considerably 
expanded and become much more complex. As a result, the kinematic struc- 
ture of each separate machine tool may also be changed. 

It is hardly expedient to take up the kinematic structure of automatic 
transfer machines in the present part of this textbook. Nevertheless, the 
theoretical principles formulated above are applicable in analysing the 
kinematic structure of a transfer machine if it is considered as a whole, i.e. 
as a separate unit. The kinematic structure of any component machine tool, 
then, consists of intragroup and intergroup kinematic constraints, which 
are to be regarded as intramachine constraints in relation to the whole trans- 
fer machine. Consequently, a transfer machine, or automated production 
line, can be considered to be made up of intramachine and intermachine 
constraints. The latter possess many specific features, and will be taken up 
in Part Six of Vol. 4. 


Higher machining-accuracy requirements may be met to some extent by 
changing the typical kinematic structure along the following lines: improv- 
ing the structure of the internal kinematic constraints; increasing the num- 
ber of elementary motions making up complex operative motions, correction 
devices being used for this purpose; and by applying nonmechanical inter- 
nal constraints. The accuracy of internal kinematic chains can be increased 
by using spur gears in them instead of helical or bevel gears, or other types 
of gearing on intersecting or crossed axes. This principle can be demonstrated 
by the example of the gear-shaping machines, models 5A12 and 5B12. 


These two models are very similar in their capacities, quantity and type 
of kinematic groups, arrangement and construction features. They differ in 
the number and type of members that compose the internal kinematic 
indexing chain with change gears (Fig- 72), interconnecting shaping 
culler rotation with blank rotation. Both models have precision worm 
gearing units for driving the cutter ram and work spindle, but the train 
hclneen the norm shafts of these drives includes four pairs of bevel gears 
and two other pairs of gears in model .5A12 (Fig. 72), while eleven pairs of 
spur gear.^ are provided in this train of model 5B12 (Fig. 73), The second 
model has no bevel gearing. 

The suhsliluting of spur gears in the indexing train of model 5B12 for 
)C\oI gearing enables this gear shaper to produce gears of a higher accuracy 
clnsc than those made by model .5A12. 

However, this change in the structure of the indexing gear train has 

gears (model 5A12 has 16 gears while 
... ' . ~ of the inde.xing train has been substan- 

liaily raisCTl m model 5B12. The kinemelic accuracy of Ihc latter model 
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A VAST MJMBCa Oi METAL CUTTJAG MACHINE TOOl^ 
(literally millions) are being emplojed m the world engineering mtlii'lrie': 
The rapid advance of science and engmeewng has led to the demwd for a 
further extension of the tjpc-and-«izc range of machine tools The wide 
automation of machine tool controls has created prerequisites for the 
versatile application of clcctricy hydraulic pneumatic and other dc\iccs 
in machine tool design, thus complicating (he hinemotics and construction 
of these up to date modeH 

The design of anj machine tool w bi«ed primarily on its /inemafic 
structure, expressed in terms of its kinematic •'cheme For the «akc of brevitj 
this can be called the kinematics of the machine tool Con'cquenllj 
a thorough understanding of the kincm'itic structure is a Cr«t c'^onlnl 
both in the design and operation of mnebtne tools Aotwith^tandlng the 
great diversity of machine tools intended for performing not onl> dilTeront 
but even similar operations the kinematic structure of nn> machine tool 
IS based on a number of fundameniaL sufficiently general kincimlic pnnci 
pics that all machine tools comply nith A rna«terj of the«o principli** 
contiibutcs to the dc\clopmcnl of new metal culling machine tools tint 
bc«t fill the requirements made to ilicir accuracj and production c^pncitj 
It also enables the lead time of a new model to be subsnntnllj reduced 
and the fini'hed machine tools to be more ratiomll) cmplojcd 

Cecau«e of tbeir great \arietj it is frequently difficult to gam an 
understanding of the construction of a miclune tool and therefore of 
mode of o^cv'iUon and proce’^m^ capicitic** without sufficient knowjidge 
of iho general procedures u«ed in kinematic Qn'iU'n 

Part’ Three freits of the uitcrtelaUons between the workpiece lolepro 
dviced inlhcgvvcnmacluno tool thecuitingtool to be u'cd the ‘elected proe- 
c‘sing method and the kmcm'itic stracture of the machine too) Tjpinl 
linemiUc schemes are presented and n method n gi\en for nmljnng llii 
I incmalic structure of michine tools nhoce dc'ign ma) he h^^ed upon '>t)\ 
kind of kinematic con^tnint*! This gencnl procedure enables a kinematic 
‘cheme of any complexitj what‘oeicr to be reduced to one oC 



the comparatively few standard schemes whose investigation offers no 
difficulties. 

All the theoretical propositions of machine tool kinematics follow from 
the kinematics involved in shaping the surfaces being machined. Therefore, 
kinematic analysis begins with an investigation of the surfaces obtained 
in machining as performed by metal-cutting machine tools of various types 
and the methods of shaping them. For the purposes of this book, shaping 
is considered to mean the imparting of a definite shape to a surface, and 
not the operation performed by the machine tool called the shaper. 



CHAPTER 1 

SHAPING SURFACES 


1-1. Surfaces Obtarned by Machining 

The geometrical surfaces of macbtac parts and tools are ovtremeli di\ tr^c 
Surfaces of practically any required shape can be produced in machine tools, 
employing \arious cutting processes and suitable cutting tools The most 
readily machined «!urfaces aie planes, circular cylinders and cones, helicoids, 
as well as cylindrical and conical surfaces shaped on the basis of the ln^ olute 
of a circle, certain spirals, etc These are all surfaces that can be produced 
by a combination of rotary and rectilinear uniform motions of the cutting tool 
and work It is these motions that are most easil> realized by means of 
simple mechanisms 

The following classiCcation of surfaces is found to he con\enient in 
in\cstigating machine tool kinematics and in sol\ing problems (I) planes, 
(2) circular and noncircular cylinders, (3) circular and noncircular cone« (4) 
single-curved and warped ruled surfaces. (5) spherical surfaces, and (0) 
double-curved surfaces. 

If the«o surfaces are regarded as the trace produced in the motion of one 
generating line— the generatrix— along another line— the directrix— then 


{^i) tnose prouutcu vy one VdiidUic aiiu unv iiivaiiaoK. jiut., anu *- 

produced by t\vo xariable lines 

If the functions of the generatrix and the directrix can bo interchanged 
in producing a surface i e the generatrix can be u^ed as the directrix and 
\ ice versa, without changing the shape of the surface (for example, a cjhn- 
drical surface), such a surface is said to have ln^e^tlhlo generating line' 
An example of a surface with noninxcrtible generating lines is the circular 
cone If the base circle of the cone is taken as the generatrix and is rao\ed 
along a straight line (directrix) no cone is produced 

Surfaces may be en>eloping, or internal, or they may he enxelopcd or 
external Ho^\ever, not all surfaces can be differentiated by the«e de«igna 
tions For example the side surfaces of gear teeth can be clacked as on\ eloped 
(external) surfaces Howoer, if the tooth «!pace of a gear is regarded a® 
a single continuous surface, the^e same «!urfaccs mu't be cla«cd as cn\e- 
loping (internal) surfaces 



12 


SHAPING SURFACES 


Surfaces can also be classified as closed (for instance, a circular cone, 
elliptic cylinder, complete sphere, etc.) or open (an incomplete spherical 

surface, plane, helicoid, etc.). c ^ 

Workpieces that are to be machined rarely have only one surface as, lor 
example, the balls of ball bearings. In the great inajority of cases, workpieces 
are bounded by several surfaces which must be in strictly definite positions 
in respect to each other. In such an event, the workpiece has edges which 
are the conjunction lines of the surfaces. In machining a workpiece it is 
necessary to obtain the required surfaces in their proper relative positions. 
The whole surface of the workpiece is made up, therefore, of a series of ele- 
mentary surfaces. For instance, a spur gear can be conceived as two sets 
of identical cylindrical surfaces (with an involute directrix), definite in 
number, arranged symmetrically about the gear axis and constituting the 
right and left sides of the teeth. The top land of each tooth is an open surface 
of a circular cylinder while the surface at the bottom of the tooth spaces 
is also an open cylindrical surface with a directrix of some specified form. 
A multiple-start cylindrical worm is a complete set of cylindrical and helical 
surfaces located symmetrically about a single axis— that of the worm. 

Sometimes a surface, especially if it is of great extent, is conditionally 
Inoken down into a series of elementary surfaces, each of which is machined 


separately in the machine tool. 

The classifications of surfaces given above enable any surface to be ap- 
praimd in respect to the possibility of shaping it in a machine tool, without 
determining the actual parameters of the geometrical shape concerned. 
Thus, it is easier to machine a surface with invariable generating lines than 
one with variable lines. A greater number of methods are available for 
machining closed surfaces of the same type (for instance, a complete circular 
cylinder) than for open surfaces (for example, an incomplete circular cylinder 
cannot always he machined in a lathe). The same is true of invertible sur- 
faces; they can be produced by a greater number of types of cutting tools 
(in respect to the shape of the cutting edge) tlian surfaces with noninvertible 
generating lines. 


1 he geometrical shape of most engineering surfaces, i.e. geometrical 
faces used in the various branches of engineering, can be shaped by using 
generating lines of the following types. 

A. Lines rcalir.ed in machine tools by means of simple-rotary and 
lectihnear-and only uniform motions, such as: (1) straight lines, (2)' circles 
01 their arcs, (3) involutes of circles (normal, curtate and prolate types), 
,1 cylinders, cones and globoids, (5) spirals of Archim&es, 

enrUte^onrorilTtn"; ’ hypocycloids (normal, 

ciu Into and prolate types), and (8) space curves produced bv uniform rotary 

•im! ^rectilinear motions (for example, the curve of the relief suriaTon hob 
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B Lines realized in machine tools by means of both uniform and iionuni 
form simple-rotary and rectilinear— motions such as (1) inrabola« 

(2) hyperbolas (3) ellipses (4) sine cunes and (5) logarithmic spirals 

It IS by means of the^o lines that the shape ol a surface is specified Tor 
example the side surface of the teeth of i helical gear is specified I i the 
form ol Its generating lines It xmII be an inxolutc cylindrical helicoid 
since one generating line is id inxolute of a circle and the other is a helix 
on a cylinder If the worl piece is hounded b> several surfaces of the came 
type then in addition to specifying the geometrical shape of tlieee surfaces 
It is necessary to indicate their number and relative positions 

In certain ca^es in particular for surfaces with variable generating hres 
the form is specified either graphically (by means of drawings or templatec) 
or by an equation or equations employed to construct or plot the cam or 
template curves 

Listed below are the possible and most frequently encountered shapes 
of parts used in the engineering industries 

(1) external, and internal bevel gears of the ordinary or hypoid types 
with involute or noninvoluto tooth profiles nitb uni/oim depth or co!i\ocg 
ing teeth with straight circle arc or curvilinear teeth 

(2) external and internal circular spur helical and Jiorringbon© gears and 
segmental gears with normal full crowned or localized bearing teeth in the 
form of single gears or double and multiple cluster gear« 

(3) elliptical spur and helical gears and segmental gears 

(4) standard and globoid worm wheels 

(5) straight and globoid worms single and multiple start types with the 
following tooth forms worm cut with clraight «idcd milling cutter with 
straight flanks in the axnl section and involute hclicoidal 

(6) straight flat racks spur and worm types crown gears with straight 
or curved teeth complete or segmental and circular rads 

(7) contoured surfaces of revolution 

(8) straight and taper thread with standard or coarse pitch single or 
multiple start external or internal with uniform or nonuniform pitch 

(9) relief surfaces of cutting tools 

(10) hnternal and external straight sided and involute straight and helical 
splines 

(11) complex contoured surfaces 

(12) plate cylinder and ‘tngle-edge cams 

(13 external and internal incomplete and complete <pherical surfaces 

(U) circular and noncircular complete and incomplete external and 
internal plain and stopped cylindrical surfaces 

(15) circular and noncircular complete and incomplete external an i 
internal tapered surfaces 

(10) polyhedral bodies 
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(17) planes; 

(18) wedges and taper gibs; 

(19) flat- and V-belt pulleys; 

(20) housing-type parts (beds, bases, stanchions, gearbox housings, etc.). 


1-2. Shaping Geometrical and Real Surfaces 

Real surfaces, obtained on a solid body by any method of working the 
material (casting, pressworking, machining, metallizing, etc.), have one 
feature in common, consisting in the fact that any real surface is only a cer- 
tain approximation of the corresponding geometrical (imaginary or “ideal") 
surface. Therefore, the processing operation of producing a real surface 
already incorporates the process of shaping the corresponding geometrical 
surface or, in other words, incorporates the process of geometrically shaping 
the real surface. 

A geometrical surface is usually defined as the trace obtained in the motion 
of one geometrical generating line, called the generatrix, along another 
geometrical generating line, called the directrix. The trace is understood 
to be the shaped surface conceived as a continuum of consecutive geometrical 
positions of the generating line. 

Consequently, to shape any geometrical surface, two geometrical gen- 
erating lines and their relative motion are required (Fig. Ic through /). 

Real surfaces can be shaped on metal or other materials vith the aid 
of auxiliary bodies having auxiliary real surfaces, lines and points which 
shall he conditionally referred to, from here on, as auxiliary material ele- 
ments in contrast to the imaginary elements, nonexisting in reality, which 
are to be called, also conditionally, geometrical elements. The geometrical 
generating lines and, consequently, the required surfaces are produced 
in the motion of these real auxiliary elements. 

The relative motions of the geometrical lines in producing surfaces are 
called formative motions. 

Therefore, the shaping of a surface primarily involves the production 
of the geometrical generating lines, as a result of whose relative formative 
motions the surface is produced. 

There are four methods of producing geometrical lines with an entirely 
dolinite number of formative motions. 

The forming method (Fig. Ig) is one in which the configuration and extent, 
or length, of the auxiliary material line coincide with the configuration 
and extent of the line being produced. The latter is obtained as a copy or 
“mirror reflection" of the material line. The geometrical line is produced 
without any formative motions; all that is required is a positioning motion 
In move the auxiliary element to the initial position. 






fie 1 Methods ol prodocins Seomelncal/surfeccs 


f|3®£5SS-fS--~ 

^ To t T'"'- 

siPPis^fl 

ralri7anTd '' T"’'"'? »• ■* necessary to hate a seomelrirol 

y tnv on dtcectrix of corresponding configuration tvhich ran ha r 
t^ahani ^ nxtthntis outlined abote It follows that ihT ^Ti,™S‘* 

e ncS /. anrfaaes are composed of the methods nsedTo prod^™ Z T'*' 

“ncalgeneratinglinesof the surface heingshaped Since ma'I.y combmatfons 
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of line formation methods are possible, the method of shaping a surface 
depends, not only on the 'configuration of the auxiliary element (cutting 
tool) and the method of producing each separate generating line, but also 
upon the combination of methods used for the geometrical formation of the 

ueneraling lines. , ^ . • c 

' lugiire 2 illustrates the geometrical methods of shaping various surfaces 
dcimnding on the combination of methods used in the formation of the geo- 
metrical ^generatrix and directrix. In embossing or forming sheet metal 
(Fig. 2a), both geometrical generating lines arc produced by the forming 
method and therefore no formative motions are needed. One motion for 
setting the material auxiliary surface into its final position is sufficient. 

In rolling surfaces (Fig. 2b), in particular in burnishing bed ways with 
a roll, the generatrix is produced by the forming method (formation of the 
line along the roll length) while the directrix is obtained by the generating 
method and therefore one formative motion is required. HereF’i is the rolling 
motion of the burnishing roll. 

In cutting thread with a form tool (Fig. 2c), the configuration of the gen- 
eratrix is a copy of the formed cutting edge of the tool, while the helical 
directrix is obtained as the trace in a single formative motion 
When thread is milled with a single-thread cutter (Fig. 2d), the gen- 
eratrix is produced by the forming method and the directrix by the tangent 
method, the latter requiring two formative motions: rotation F^, and helical 
motion /'hj. 

'fhe geometrical generatrix is produced in the four preceding cases by the 
forming method which requires no formative motions, while the directrix 
is produced by the forming, generating, tracing or tangent method. Therefore 
the number of formative motions required to produce the surface is deter- 
mined only by the method of producing the directrix. 

'I'lie generatrix and directrix of the surface being shaped are produced 
ill Iho remaining examples (Fig. 2/ through p) by one or several formative 
mol ions and therefore the number of formative motions required to produce 
a surface will be the sum of the numbers of formative motions required 
lo produce each of the two geometrical generating lines of the surface to he 
machined. Tliejemaining illnslralions of Fig. 2 show the followin^^ macliinins 
menuids and the corresponding methods of geometrically shapfng the sur- 


1 i ig. /. a ha IS ImrmshHig a contoured surface of revolution by thi 
dm hie rolling method with two formative motions: F, beincr the rollini 
o Urn hail around the circumference and F, being the rolling of the bal 

of the generating and tracing mollmds with Uvo"ToSive m^tof F 
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Fig. 2. possible methods of abapisg surfaces 
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(generating motion made up of co-ordinated rotation of tlie gear blank and 
cutter) and Fsj. (rectilinear motion, or feed, of the cutter). 

In Fig. 2h, a spur gear is being ground with a helically profiled (worni- 
type) grinding wheel by a combination of the generating and tangent 
methods. Three formative motions are required; one motion is generation 
for shaping the tooth profile, and two motions — grinding wheel rotation 
and its longitudinal motion along the teeth — are required to shape the tooth 
form along its length. Since it is necessary to rotate the wheel to obtain the 
generating motion of the standard rack, this rotation is used to shape the 
tooth form along its length. Consequently, two of the three formative motions 
coincide and the gear is ground with two motions and fsi- 

In Fig. 2; a rotary gear-shaping cutter cuts a spur gear by the tracing and 
generating method with two formative motions. 

The relief surfaces on the helical teeth of a plain milling culler (Fig. 2k) 
are relieved by a pointed tool by the double tracing method with two forma- 
tive motions: F„ along an Archimedean spiral and Fsi along a helix. 

In Fig. 2n, a disk-type grinding wheel is generation grinding a spur gear 
with three formative motions, F^, Fsi and Fgn, by a combination of the 
tangent and generating methods. 

A curvilinear surface is ground in Fig. 2o with a disk-type wheel by the 
tangent and tracing method with three formative motions. 

The milling of a curvilinear three-dimensional surface with an end mill 
in a tracer-controlled duplicating machine (Fig. 2p) is done by the double- 
tangent method. Each of the curvilinear generating lines is produced by 
two motions: F,,, and F^^ or F.^o. To realize this method, four formative 
motions are required but, since liie culling motion Fy participates in the 
production of both linos, actually only three different motions arc neces- 
sary. 

Three combinations of line formation methods (Fig. 2e, i and m), gen- 
erating and forming, tracing and forming, and tangent and forming, are 
purely theoretical cases that arc unrealizable in practice. 

The shaping of surfaces by the tracing and tangent method (Fig. 2!) has 
found no application as yet in its “true form". 

In the general case, the number of formative motions is determined by the 
equation 

A' j -- A^g -f- A' j — Y A' c (1 ) 

wlu're A'g -- number of formative motions required to produce the gen- 
eratrix of the geometrical surface 
A',; - number of formative motions required to produce the geo- 
metrical directrix 

A'c — number of coinciding formative motions. 
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On the basis of the methods used to produce geomolrical lines, it is pos 
sible to theoretically establish the maximum possible miraber of formative 
motions, which is equal to si\ Due to coinciding motions there are no moro 
than three motions in an> rcalca'^e Thus, a surface may bo shaped bj machin- 
ing by one, two or a mavimum of three formative motions 
Ihe number of possible methods foi shaping surfaces greatlj increases 
if one takes into account that certain surfaces can be shaped h> generating 
lines of various forms and with \niious relative motions 

If the geometrical shaping of surfaces is considered only m reference to 
machining, there are considerably less methods (namely, 'seven, «ee 
Table 1) 


Conllffuratlon of tbe auxiliary 
«Iem<nt (cutting td^e) 


Mftliods or ceonielrlealiy 
shaping surfaces by 
ipactilnlns 


Nuinlier of 
fortmtive 
motions 


coincides With 

Forming and tracing 

generatrix ^ 

Forming and tangent 

Material ime 


does not com 

Generating and tracing 

Cldc with Y 

Generating and tangent 

generatrix 



Klaterial point 



Tracing and tracing 2 

(double tracing) 

Tangent and tracing 3 

Tangent and tangent 4 

(double tangent) and more 


Therefore, each of the different methods of proccs«sing solid matoriafs, 
such as casting, prcssworking, burnishing moulding machining, electrical- 
discharge machining, etc has its own entirely definite method with which 
surfaces arc gcometricallj shaped This interrelation between the proco'^ing 
method and the method of geometrically shaping surfaces is shown in 
Table 2 
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CHAPTER 2 

CLASSinCATION OF MOTIONS 


The shaping of surfaces b> machining requires n more or le«s con«ideraWo 
number of kinematic links including, besides those uhich cirrj the tools 
and arc actually engaged in metal cutting (and which shill be referred 
to from now on as operative members, or links), numerous other links with 
\arious functions in the machine tool All of these links hn\e quite definite 
displacements, m full accordance with the given process 
Each of these displacemenlsadhercs to Jaws that can ho specified hj spe- 
cial parameters— mo/ion parameters— which enable the given motion to ho 
appraised and, if several motions arc concerned, to compare them to each 
other 

It is evident tint all motions must be defined, or specified, by space and 
time parameters 

Space parameters include (Fig 3) path, path length, velpcit), direction, 
and the initial point— the beginning of motion 
In addition to the«e motion parameters, characterizing the motion itself, 
it is also necessarj to determine the geometrical po'^ilion of the gnen path 
m space, relative to the paths of other moving bodies and to a stationary 
point of rcfeiencc 

Eich motion parameter has its qualitative and quantitative aspects The 
quantitative aspect shall be understood as the initial value or position 
of the parameter, the qualitative aspect ns the mode of \ariation of this 
initial value, i e the lau governing the variation of the quantitative a«perl 
of the parameter In a particular case there may be no variation, i c the 
quantitative aspect of the motion may remain constant 
Motions arc assessed hj two time parameters 

fa) initial moment of the motion cither absolute or relativ e which charac- 
Icriies the position of the given motion in the ejele or sequence of motion';, 
(h) the nature of the motion in the course of time in the sen'e of it« conti- 
nuity motion within the limits of a given path length may be either inter 
mittenl, with various hws of intermiltence or continuous 
Thus, if a motion iscon«idcred separately not in relation to other motions. 

It must be specified bj a great number of space and time parameters In the 
case of a system ('Ct) of moving bodies, the parameters will be even more 
numerous since the motions must he co ordinated both in space and time 
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motions may be required to produce an opcrati\c motion alon^' the specified 
path Neither of these rotarj or rectilinear motion's, taken 'eparalelj, can 
proMdc a solution for the production problem for which the opcrati\e motion 
IS intended Therefore, motions uhich make up operatno motions arc called 
elementary motions Their path is mo^t frcquentlj obtained bj means of 
rotary or rectilinear translational pairing tlcmonl's 

These elementary motions compose the complev operalMO motions 
Figure 4 illustrates e\araples in which surfaces are produced h} a «ingle 
complex operati\e motion composed of se\cral olemontarj motion^ Thus 
straight thread is cut with a single-point tool in one two element motion 
fd (-^ 4 ^ 5 ) shown in Fig 4c, while taper thread is cut in a single threc- 
clemcnt motion Fa {ReTtT$) as in Fig 4d. 

In principle, any number of clcmeiilary motions can compose one opera- 
ti\o motion Oporati\e motions arc encountered m practice that comprise 
four or five elementary motions For example, in relics ing taper tap threads 
with a single point tool, the formatixc motion consists of four interrelated 
elementary motions (Fig 4c) Such complev motions. howc\er, are compara 
tively rare 

Only work rotation is required to turn a cylinder with a wide tool 
(Fig 4c) and therefore the operative motion Fa (Fly) is of the simple, single 
dement t>pe The same cylinder is turned with a pointed tool (Fig 46) 
by two operative motions Fg {R 2 ) and Fa (Fj), each of which is aho a Mmple 
single-element motion 

Two features are characteristic of elementary motions that make up 
definite operative motions 

(1) They arc always simultaneous, 1 e they begin at the same moment 
of time and arc of identical duration This circumstance enables the path 
length and velocity of an operative motion, composed of several elementary 
motions, to heappiaiscd, for all practical purposes, on the basis of the path 
length and velocity of one elementary motion 

(2) The parameters of elementary motions composing an operative motion 
arc always interconnected hy dclintte relationships 

If an operative motion is of the cimplc ijpe 1 e con'u'its of a single ele- 
mentary motion, then tiie parameters of the latter will become the parame- 
ters of the operative motion (Fig 4a and b) 

If a motion is complex consisting of several elcmenlarj motions, Us 
parameters depend upon the parameters of all the elemcntarj motions of 
which it IS composed Any variations m (he ratios of the parameters of 
elementary motions change the path of the operative motion Changes made 
in the absolute values of the parameters of the elementary motion®, their 
ratios being maintained constant, lead to changes in tlie absolute value 
of the corresponding p.arameler of the operative molion with the exception 
of the paramcteis of the path 
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Fig. 3. Motion parameters; 

(o) path; (b) path length; (c) velocity; (d) direc- 
tion of the motion; (e) Initial point on the 
path: (/) relative geometrical position of the 
path; (g) absolute geometrical position of the 
path 



Fig. 4 . Simple and complex operative 
motions in shaping surfaces: 

(a) and (b) turning a cylinder with a wide tool 
and with a pointed tool, respectively; (c) and 
(d) cutting straight and taper thread, respec- 
tively, with a single-point tool; (e) relieving 
a taper tap with a single-point tool 


Motions are characterized, not only by their space and time parameters, 
but by their specific functions in the system of motions. In machine tools, 
as in other industrial machinery, each motion of the machine serves 
to accomplish some definite production function. Such motions are called 
operative motions. The path of such motions may be very simple— -a circular 
arc or a straight line— but may be of more complex configuration, namely, 
a helix, involute of a circle, space spiral, etc. In the latter cases, a single 
rotary or a single rectilinear motion proves insufficient to move the machine 
component along the given complex curve. Several rotary and/or rectilinear 
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motions ma> be required to produce an operative motion alonp the specified 
pith Neither of those rotarj or reclihnenr motions, tikoii «epiratelj, can 
provide a solution for the production problem for which the operative motion 
IS intended Therefore motions which make up operative motions are called 
elementary motions Their path is most frequentl> obtained bj means of 
rotiry or lectihnoar translational pairing tlements 

These elementary motions compo'^c the complex operative motions 
Figure 4 illustrates examples in which surfaces arc produced b> a smclc 
complex operative motion composed of «e\era! elomentarj motion^ Tims 
straight thread is cut with a single point tool in one two clement motion 
fd (^iT’s) os shown in Fig 4c, while taper thread is cut in a single tlirec- 
element motion {RiT^T^) as in Fig 4d 

In principle any number of elementary motions cm compose one opera- 
tive motion Operative motions ire encountered in practice that comprise 
four or five elementarj motions For example, m relieving taper tap tbrcids 
with a single point tool, the formative motion consists of four interrelated 
elementary motiojis /Fi^ 45,1 Such complex motions, however, am comp^ra 
lively rare 

Only work rotation is required to turn a cylinder with a wide tool 
(Fig 4o) and therefore the opontixc motion (/?,) is of the simple, single 
element type The simo cylinder is turned with a pointed tool (Fig Ab) 
by two operative motions Fg (/?,) and Fa (ra), each of which is also a simple 
single clement motion 

Two features are characteristic of elementary motions that make up 
dcDnito operative motions 

(1) They are always simultaneous, i c they begin at the simc moment 
of lime and are of identical duration This circumstance enables the path 
length and velocity of an operative motion, composed of several elcmentiry 
motions, to be appraised, for all practical purposes, on the bisis of the pith 
length and velocity of one elementary motion 

(2) The parameters of elementary motions composing an operative motion 
are always interconnected by definite rclationsliips 

If an operative motion is of the simple tjpe le consists of a single ele- 
mentary motion then the pirameters of the litter will become the pinme- 
lers of the operative motion (Fig 4fl and 6) 

It a motion is complex consisting of ‘■{.^eral elementary motions, Jis 
parameters depend upon the parameters of all tbe elementarj motions of 
which It IS composed Any variations in the ratios of the pinmcters of 
elementary motions change the pith of the opentive motion Clnngcs made 
in the absolute values of the piraineters of the elcmentiry motions, their 
nlios being maintuned constant lead to changes m (he absolute value 
of the corresponding pirameter of the opentive motion with tbe exception 
of the panmetors of the pitii 
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Operative motions are differentiated by the degree of variability of the 
initial values of the parameters in the course of motion. Thus, they can he 
classified as operative motions with either constant or variable parameters. 

In addition to the preceding classification, operative motions can also 
he divided in accordance with the controllability of the quantitative and 
qualitative indices of the motion parameters. Here, controllability of the 
parameters is understood to mean the possibility of setting up and obtaining 
parameters of various initial values on the machine tool (quantitative con- 
trollability) which can be varied according to various laws in the course 
of motion (controlling the qualitative index of the parameter). Operative 
motions may l^ave all controllable, all uncontrollable or certain controllable 
and certain uncontrollable parameters. 

Operative motions must also be differentiated as to their functional pur- 
pose. These motions can be primarily divided into two groups: motions 
which move the cutting edge of the tool in reference to the work, and motions 
which do not move the cutting edge and, therefore, do not directly partici- 
pate in the machining process, but are of a supporting nature. 

Motions of the first group can be further divided into three subgroups: 
formative, or shaping, motions, indexing motions and positioning motions. 
If cutting occurs during a positioning motion, it is called a feed-in motion. 
All positioning motions in which no cutting occurs are called setting-up 
motions. 

Motions of the second subgroup, supporting the motions of the first sub- 
group, are divided into controlling motions and handling motions. 

Operative motions can also be of the continuous or intermittent (periodic) 
type. 

In machine tools, the formative, or shaping, process is accomplished by 
metal cutting. There is, therefore, an intimate relationship between the 
concepts “formative motion” and “cutting motion”. 

The cutting speed and feed motions are formative motions, and converse- 
ly any formative motion is either a cutting speed or cutting feed motion. 

In accordance with the above-indicated features, the characteristics of any 
operative motion can be denoted conventially by a combination of letters 
as, for example, 

Td(7?iT27’3) ni~~ and Zr 3 = Z- 2 tana 


which is used in cutting taper thread with a single-point tool 
The letter F indicates that the operative motion is a formative one, and 
the subindex v indicates that, in reference to the cutting process it is at 
the same time a cutting speed motion. If, on the other hand^ it is L cutLm 
feed motion, the suhindex will be s. The parentheses following the letter F 
show what elementary motions compri.se the operative motion. If the elt 
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mentary motions are uniform in nature, the ratio of their \elocitios or path 
lengths follows the parentheses 

In the preceding example n = rotational speed in rpm; L — displace- 
ment m rectilinear motion, P = pitch (or lead) of the thread being cut, 
and a = angle of taper of the thread (one half of the included angle). If one 
of the elementary motions is nonuniform, the nonuniformity sign is urittcn 

above the letter representing this motion as, for example {RiTiT^) and, 
if possible, the law of the relative nonuniformity is indicated following the 
closing parenthesis 

The following notation has been accepted for nonformative operatuc 
motions, if they are simple operative motions, such as the indexing motion 
Ind (i?4), feed-in motion FI (7*5), controlling motion Ct {R^) and handling 
motion Hd {T^). 



CHAPTER 3 

KINEMATIC CONSTRAINTS 


A kinematic interlink, or constraint, is required between the operative 
members (links) of a machine tool, and between the operative members and 
the source of motion to produce an entirely definite operative motion in the 
machine tool. These two kinematic constraints comprise the kinematic group. 

The kinematic group can be defined as the mechanism (device) which pro- 
duces a single operative motion with given parameters determining the 
path, path length, velocity and direction of the motion, as well as the 
position of the beginning of the motion and the relative geometrical position 
of the path of the motion being produced. 

The structure of any kinematic group always consists of internal and 
external kinematic constraints. An internal constraint, providing for the 
given path of the operative motion, may consist of only a single kinematic 
pair, as in a simple group, or of several pairs and kinematic chains linking 
the movable members of these pairs together, as in a complex group. In the 
latter case, the number of internal kinematic chains which make up an 
internal kinematic constraint is one less than the number of elementary 
motions composing the operative motion produced by the group. 

Of course, no internal kinematic constraint can produce an operative 
motion by itself, without a source of motion. Its purpose is to co-ordinate 
the parameters of the elementary motions in such a way that the operative 
motion would proceed along the given path if motion occurs in the internal 
constraint. 

Thus, an internal, or operative, constraint is a kinematic constraint which 
provides the required path of the operative motion. A kinematic group, 
however, also requires motion produced by some source, which separately 
powers the given group or is common for the Avhole machine tool. The most 
widely used sources of motion in metal-cutting machine tools are electric 
and hydraulic motors; air and other motors are less commonly employed. 
Without considering the construction and principle of these motors, this 
not being an objective of machine tool structural analysis, it is necessary 
to point out only the fact that each motor consists of two parts; one to which 
povei is supplied and the other in which the motion of the output member 
is oiiginated. From here on, the first part of the motor will be differentiated 
and conditionally called its power part and the second, the mechanical part 
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of the motor The initial motion !«? taken off the output mombor of the motor 
and IS tran‘=mittcd further along the external con-^traint (along tlio kinematic 
chains of the dn\c) to the internal constraint of the group 

A kinematic or operatuo group of such structure, producing a complex 
two element oporaliic shaping motion F^ (fi,/?,) is illustrated m Tig Tin 
The external (section 7-5) and internal (section 2-2) kinematic constraints 
arc denoted by single dash lines which indicate that the kincmaliccoiisirainl 
IS accomplished through mechanical members constituting the kinematic 
chain The diamond symbols denote setting up units 

Double dash lines can also be found m Fig 5 They indicate that the Kine- 
matic constraints between the operative members and the source of motion 
are accomplished, not through mechanical members, but through other 
elements transmitting power pulses which are transformed into mechanical 
power again in the motors 

To this end. Kinematic groups incorporate devices called transdiiccn 
or generators, in whicli mechanical motion is transformed into power pulses 
In diagrams, such devices are convenlially denoted b> triangles with single 
or double dash linos, as shown in Fig 56 where a mechanical constraint is 
connected to transducer Tri at point 3 and on electrical constraint at point 4 

An electric or hjdrauhc tracer-controlled slide on a lathe can servo as an 
example of a transducer in the sense here €inplo>cd In Ihcso slides, the 
motion of the tracing stjlus produces or changes an olccincal pulse which 
IS reconverted into mechanical motion again in the appropriate devices 
In the diagram of Fig 56, for example, a power signal from the transducer 
IS transmitted to the motion metering device which it controls A motion 
metering device is one which allows the mechanical motion delivered to it 
to be transmitted further, not completely but only in part Only a definite 
“amount" or “portion' of motion is discharged, the rest, unused motion is lost 
in the device Transducers and metering devices, like motors, have power 
and mechanical parts 

In Fig 5, metering devices arc denoted by circles with two mechanical 
constraints (single dash line«i) and one power constraint (double dash 
lines) 

Kinematic groups with mechanical constraints (Fig 5a) are extensively 
employed in machine tools Examples of the structures of such groups with 
a single initial motion (single source of motion) are to be considered in detail 
in Part Tliroc 

In the structure of a group with an internal mechanical constraint 
(see ^ .u_ _ .V. ^ ^ 

mod' 
cons* 

of the operative motion are due to internal and which to external constraints 
The internal mechanical constraint provides the pith of the motion, tlie 
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V. Besstraslinov and ISI. Bxeido (Fig. 6a). Tlie cam blank is clamped on tlie 
rotary work table of tliis machine and its profile is machined with an 

end mill. , ^ 

Two formative motions are produced in the machine: the cutting motion 

Fv 'where Ri is cutter rotation, and Fg {R^Ts), where 7?o is table rota- 
tion and Tg is radial travel of the table. 

The structure of the first kinematic group producing the cutting motion 
Fi, (i?i) is very simple and ivill not be considered here. We shall consider 
the structure of the operative group for producing the feed motion {R 2 T 3 ). 
The movable operative members of this group are the rotary table and its 
saddle. We shall investigate the internal kinematic constraint established 
between these members in the direction from the table to its saddle. This 
constraint consists of the work table, worm gearing, and three spur gears 
which drive the drum with the photographic film. 

Three tracks of marks in the form of horizontal and vertical dashes are 
inscribed on the photographic film (Fig. 66). Upon travel of the film a part 
of the light from the illuminator falls on the photoelectric cells (Fig. 6c). 
The electric signals originated in the cells pass through amplifiers and are 
transmitted to the corresponding relays. The pulse magnitude relay opens 
and closes the relays of the two escapements with fine and coarse 
teeth. Motion from motor is continuously being transmitted to the meter- 
ing device in which the bodies of two magnetic clutches are freely mounted 
on the shaft of the saddle lead screiv. The differential gearing is arranged 
at the left end of the saddle. When one of the magnetic clutches is engaged 
by means of the saddle direction relay, the lead screw will turn periodically 
through the angle permitted by the escapement that is switched into the 
constraint by the pulse magnitude relay. Elementary motion T 3 — radial 
motion of the table saddle— is of the pulsed type. 

The device, consisting of the illuminator, the drum with the film and 
the photoelectric cells, is the transducer in this case (see the diagram in 
Fig. 56), while the mechanism Avith the escapements, differential gearing 
and magnetic clutches is the metering device. In addition to mechanical 
members, other devices, in which the kinematic constraint is accomplished 
by means of light, electricity and magnetism, are employed here in the 
internal kinematic constraint. 


Figure 5c illustrates the structure of a kinematic group closely resemblin o' 
that of the preceding group. The ncAv group has three sources of motion and 
all arc outside the internal constraint. 


The second source of motion il/^ transmits motion to the transducer Ti\ 
which, Ihrougli sections 5-6 of tlie internal coustrainl, controls two 

meleiing de\icGs The latter take off a part of the motion from the first and 
third motors and transmit it to tlie movable operative members which, in 
our case, are .‘Spindles of the machine tool. 
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Tho parameters of elementary motions Rs and lie 'irc co ardinatcd h} an 
internal constraint through mechanical «Dction 12 and metering device 
MD^, power section ? 4, transducer Tr,, power section 5 G. metering device 
J\IDn and mechanical section T S This arrangement ensures an cntirelj 
dcfimte path of the operative motion F, {RsRe) An oxample of a structure 
of this type is the one u«ed for t?ie iLinematii. group of tho feed motion in 
milling machines with eloctnc-conlact tracer control sjstoms and, in paitic- 
ulai, the electric contact tracer control system with automatic speed 
variation proposed by G Monakhov 
A common feature of all the preceding structures of kinematic groups 
(Fig ha, b and c) is that all the sources of motion arc outside the inter 
nal kinematic constraint that determines the path of the operative 
motion 

Shown in Fig 5d, e, f and g arc structures in which tlie sources of motion 
are arranged both outside and insjdc the lulernal kinematic con 
stramt 

Tho group in Fig 5d has three sources of motion but only one i« out'-ide 
tho internal kinematic constraint The initial motion is transmitted from 
this source to transducer Tri Power pulses arc transmitted Irom the latter 
through sections S 3 and 5 0 ol the constraint to motors ;1/, and J/- 
initial motions appear on the output membcr^ of these motors and ore' Irans 
milled through sections 2 1 and 7 S oi the constraint to produce the required 
elementary motions R-t and Re on the spindles Thc'o elementary motions 
compose the formative motion F^{R■,Re) Consequently, the opcralivo 
constraint between motions R^ and /fg is accomplished through motors ^If, 
and i c through their power and mechanical parts This means that 
these motors are completely within the internal operative constraint, and 
any change in tho parameters of llicir initial motions has an mriticnce on the 
path of the operative motion F* {RjRe) 

This structure has been realized in the numerically controlled milling 
machine, model 6HI3np, incorporating the ENIMS control system A block 
diagram illustrating this system is shown m Fig la 

The device for the numerical controls of a milling machine consiilufc«- 
a separate kinematic group producing the complov feed motion F, (TjTjTs) 
required in machining complex curvilinear surfaces s«ch as is u«ed in die 
sinking operations Ihc feed motion F, is composed of three elementary 
rectilinear motions longiludiml traverse Fj of the table, cro«s travor>e T, 
of the saddle, and vertical traverse T, of the miUing head 
As IS the case with any kinematic group the numerical control device 
has an internal constraint consisting of two kinematic cliains of the same 
type, inlcrrolaliiig the parameters of the elementary motions Thus, longi- 
tudinal traverse F, of tho tabic interacts with cross traverse Fj of the saddle 
through the following hydro clcctromccliamcal internal kinematic chain 
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V, Besslrasliiiov and M. Breido (Fig. 6a). The cam blank is clamped on the 
rotary work table of this machine and its profile is machined with an 

end mill. . , ^ . 

Two formative motions are produced in the machine: the cutting motion 

Pv where is cutter rotation, and Fg {R 2 P 3 ), where is table rota- 
tion and T 3 is radial travel of the table. 

The structure of the first kinematic group producing the cutting motion 
(i?i) is very simple and will not he considered here. We shall consider 
the structure of the operative group lor producing the feed motion Fg {RzT^)- 
The movable operative members of this group are the rotary table and its 
saddle. We shall investigate the internal kinematic constraint established 
between these members in the direction from the table to its saddle. This 
constraint consists of the work table, worm gearing, and three spur gears 
which drive the drum with the photographic film. 

Three tracks of marks in the form of horizontal and vertical dashes are 
inscribed on the photographic film (Fig. 6&). Upon travel of the film a part 
of the light from the illuminator falls on the photoelectric cells (Fig. 6a). 
The electric signals originated in the cells pass through amplifiers and are 
transmitted to the corresponding relays. The pulse magnitude relay opens 
and closes the relays of the two escapements with fine and coarse 
teeth. Motion from motor is continuously being transmitted to the meter- 
ing device in which the bodies of two magnetic clutches are freely mounted 
on the shaft of the saddle lead screw. The differential gearing is arranged 
at the left end of the saddle. When one of the magnetic clutches is engaged 
by means of the saddle direction relay, the lead screw will turn periodically 
through the angle permitted by the escapement that is switched into the 
constraint by the pulse magnitude relay. Elementary motion T 3 — radial 
motion of the table saddle— is of the pulsed type. 

The device, consisting of the illuminator, the drum mth the film and 
the photoelectric cells, is the transducer in this case (see the diagram in 
Fig. bb), while the mechanism with the escapements, differential gearing 
and magnetic clutches is the metering device. In addition to mechanical 
members, other devices, in which the kinematic constraint is accomplished 
by means of light, electricity and magnetism, are employed here in the 
internal kinematic constraint. 


Figuie be illustrates the structux'e of a kinematic group closelv resembling 
that of the preceding group. The new group has three sources of motion and 
all are outside the internal constraint. 


The second source of motion M. transmits motion to the transducer Tr. 
which, through sections ^f-5.and ,5-6 of the internal constraint, controls two. 
metering devices. 1 he latter take off a part of the motion from the first and 
third motors and transmit it to the movable operative members which, in 
our case, are spindles of the machine tool. 
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The parameters of elementary motions and /?g are co onlinalcd b> an 
internaJ constraint through mcchamcil *‘ccUon 1-2 and metering detree 
MDi, power section 3 4, tran'duccr 7r„ power ‘•crtioii 5 6, moicriiig device 
MDn and mechanical section 7 8 This arrangement ensures an onlirelj 
definite path of the operative motion f, An example of a «lruclnrL 

of this type is the one used for the kinematic group of the feed motion in 
milling machines with electric contact tracer control h\«tems and, in pirlic 
ulai, the electric contact tracer-control sjstcm with automatic speed 
variation proposed by G Monakhov 
A common feature of all the preceding f^tructvrcs ol kinematic groups 
{Fig 5a, b and c) is that all the sources of motion arc out«ido the inter- 
nal kinematic constraint tliat determines the path of the operative 
motion 

Shown in Fig 5d e, / and g arc structures in winch the sources of motion 
are arranged both outside and in<ide the internal kinematic con 
slraint 

The group in Fig 5d has three sources of motion hut only om i« oiilvi/Je 
the internal kinematic constraint The iniliaJ motion is tran«mitlc(} from 
this source to transducer Tr, Power pulses are transmittid from the latter 
through sections 4-3 and 5 6 of the constraint to motors jVj and Mi Xow 
initial motion'* appear on ilio output members of these motors and are Iran* 
milled through sections 2 1 and 7-8 of the constraint to produce the required 
elementary motions Rt and /?« on the «p»ndlcs Thc«c elementary motions 
compose the formative motion F4 Consequently, the operative 

constraint between motions Ri and /?« is accomplished through motors df, 
and il/j, 1 c through their power and mechanical parts This means tlnl 
the<e motors are completely within the internal operative constraint, and 
any change in the parameter's of their initial motions has an influence on the 
path of the operative motion Ri(RjRg) 

This structure has been realized in the numerically roiilrolled milling 
machine, model GHlSnp, incorporating the ENIMS control system A block 
diagram illustrating this <5ystcm is shown m Fig 7a 
The device for the numerical controls ol a milling m'lclune con«lilulC' 
a «eparate kinematic group producing the complex feed motion F, (Tjr.T’j) 
required in machining complex curvihncir surfaces such as i-s used m die 
sinking operations Ihe feed motion F, is composed of three elementary 
rectilinear motions longitudinal traverse T, of the tabic, cro-s iravcr'^c T, 
of the -saddle, and vertical traverse Tj of the milling head 

As IS the case with any kinematic group, the numerical control device 
has an internal constraint consisting of two kinematic chains of the same 
type, intorrolating the parameters of the elementary motions Thus, longi 
tudinal traverse Fj of the tabic interacts with cross traver=c Tj of the saddle 
through the following hvdro electromechanical internal kinematic chain 
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(a) numerically controlled mining niaclune (BNIMS): m<— magnetic tape; r/i— reading head; 
A, through A, —reading amplifiers; x, y and z— pulse distributing devices; A„ At and As~power 
amplifiers; M,, M- and Mj— step motors; (b) numerically controlled lathe adapted for milling 
turbine blades; j— punched card; 2 — summation device; J—relay memory device; 4— self-bal- 
anced bridge; S— spark device; S— amplifier; ill,— motor; 5— rack-and-pinion drive; M, — synchro- 
transmitter; Mio through IMu—motors; pusher; J5— balancing potentiometer; 16— stylus; 
;7— cam; js— slides for moving the flexible template; motor; so-si, S2-S3-S9, si-2f> and 

2 7-2S— -mechanical kinematic chains; 30 — worm wheel; Si — worm; 32 — right-hand flexible template; 
33— Icit-hand flexible template; 34— milling cutter; 35— workpiece; cd — controlling device; 
Tt through r<— radii of the flexible template; (c) tracer-controllea profile milling machine: J-2 — 
mechanical kinematic chain; 3 — workpiece; 4 — milling cutter; 5— interchangeable template; 6 — 
stylus; 7— mirror; 3— lamp; 9 and lO — photoelectric cells; il — optical tracing device; Mj and Ms — 
motors; Aj and A.— amplifiers; Tgt and Tg.— tachogenerators; Rg,— regulator; Pof— potentiometer 


ball-bearing lead screw of tbe table, hydraulic step’ motor electric step 
motor Ml, power amplifier .47, device for distributing pulses along the x 
co-ordinate, reading amplifiers 4 j and A^, magnetic tape reading head, 
magnetic tape, magnetic tape reading head, reading amplifiers 4.3 and 
4 i, device for distributing pulses along the y co-ordinate, power ampli- 
fier 4 s, electric step motor Af„, hydraulic step motor /I^ and the ball-bearing 
lead screw of the saddle. The second internal kinematic chain, between 
the saddle (motion To) and the milling head (motion T,), has the same 
structure. 

Those chains operate as follows. 
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The (ape feed with a 'opatatc iUrec-pha<e induction motor feeds tho 
magnetic tape (thickness 0 06 mm, width 10 2 mm) past the magnetic rciding 
heads at a Nclocity of 100 mm per «ec The length of tho tape accommodated 
in the magazine (500 m) is sufficiont for 1 5 hours of machine operation 
fiecorded on the tape are si\ tracks of signals, two tracks for each elementary 
motion; one for each direction 

The magnetic track consists of the record of consecutive pulses (0 to B 
piiNes per mm) Each pul=e turns the motors one step When tho tape is 
fed uniformly at constant speed, the distance between successne pul'cs 
governs tho rotational speed of the step motoi Six magnetic heads (with 
clearances of 0 25 mm) read off tho signals on the magnetic tape 
and the pulses arc transmitted further to the reading amplifiers A, 
through A,f 

The multistage semiconductor reading amplifiers have a total amplifica- 
tion of 5,000 to 7,000 The amplified signal is fed into donees for distribut- 
ing the pulses between the x, p and a co-ordinates Tho purpose of these 
devices ts to transmit the aignai« to the required section of tho stator winding 
in tho step servomotor to obtain the specified direction of its rotation 
From tho pulse distributing device the signals arc led into power ampli- 
fiers A^t As and As and then to the electric step motors The Jnllor are 
reluctance pulso controlled motors of the inverted type or ones with an 
inteimcdiate hollow rotor witli various shaft rotation steps (1 5®,3®or0'*) 
and With a maximum static torque of about 8 kgf-cm 
Ihc step servomotor turn® the valve of the hjdraulic stop motor which has 
ahigh torque and is actuillj a hydraulic amplifier, or booster, with a torque 
amplification of 200 to 300 at an oil pressure of 15 to 20 kg per ®q cm 
The hydraulic motors drive the ball bearing lead screws \Vhcn thelijdrau- 
Uc motor turns through an angular step equal to S'*, the nut of the ball- 
bearing lead screw travels a distance of 50 microns (0 05 mm) 

In the internal constraint of tliokincmalic feed group under consideration 
there are throe motors instead ol two as ®hown in tho diagram of Tig 5d 
This derives from the fact that a more complex operative motion is to be 
produced (three-element instead of two clement motion) 

The diagram in Fig be al<o has three motors but onlj one ol them (;3fj) 
is inside the internal operative constraint In this ca®e a metering device 
is incorporated m the group r r. t i 

A more complex group is one with Jour <ources oi motion {rig of) in this 
group, throe motors, Mi M. and M, are arranged within tho internal con- 
straint and the following internal constraint is established b> the correspond- 
ing devices between the elemenlarj motions iin and ilu upper spindie, 
mechanical section 2 2, motor J/,. power section 3^ transducer T r„ mechan- 
ical section 5-(7, transducer Tr. power section motor d/j. mechanical 
section 9 10, transducer Tr^ power section // U of the constraint, motor .vi* 

2-303 
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and the lower spindle. The external constraint consists of motor M 3 and 
the mechanical section 1G~15. 

An example of a machine tool with a kinematic group having this struc- 
ture is a lathe adapted for milling turbine blades (Fig. 76). 

A compound arrangement of the sources of motion in a kinematic group 
is possible even where there are only two motors (Fig. 5g). Here the opera- 
tive constraint between elementary motions i?i 3 and Ry, is accomplished 
through mechanical section 1-2, transducer Tr^, power section 3-4, electric 
motor il /3 and mechanical section 5-6 of the constraint. Externally motor M 1 
is linked with the operative constraint through the mechanical drive 
train 7-1 . In this group only one source of motion is within the internal 
constraint, 

A structure of this type has been applied in the kinematic feed group of 
the tracer-controlled profile milling machine whose structural diagram 
is shown in Fig, 7c. Profiling (two-dimensional) operations are performed by 
this machine. 

This profiler has two kinematic groups, one for the cutting motion {R^) 
and the other for the feed motion F ,, {R^T-i). The cutting motion group 
is simple and requires no further consideration. The feed motion group, on the 
other hand, is of the complex type. It has an internal constraint between 
the elementary motion /?2 (rotation of the circular table on which the work 
is clamped) and motion T 3 (longitudinal traverse of the table saddle). 

A second rotary table, on which the interchangeable template is clamped, 
is also accommodated on the saddle. The servosystem is mounted on the 
saddle too (Fig. 7c), 

As the template is rotated the stylus moves in a radial direction and 
turns the mirror. Arranged opposite the latter are two photoelectric cells 
wliich will he differently illuminated, depending upon the po.sition of the 
mirror. This leads to a difference in pholoeleclric currents flowing to the 
amplifier and electric motor Mn (Fig, 7e). If both photoelectric cells arc 
illuminated with the same intensity, there will be no difference in the pho- 
toelectric currents and electric motor il/o will slop. Thus, the internal con- 
straint in this group is as follows: from" the rotary table with the work 
through two worm gearing drives, and further from the template through 
the stylus and .servosystem, amplifying device A. and electric motor Mn 
to the saddle lead .screw. 


Motion R„ is uniform and in one direction while motion T 3 is nonuniform 
and in allernaling directions. This constraint provides the path of operative 
motion J<, [R„T 3 ). 1 he speed and other motion parameters are provided 
by the vanahle-specd electric motor M, controlled through a potentiometer 
and mcchamcal section 1-2 of the external kinematic constraint. 

Besido.s these ordinary constraints, this group has an additional electrical 
con.sliaint enabling the velocity parameter of operative motion to be varied 
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if need arises In nulling cams uilli sharp rises or drops m iheir pro- 
files, il IS neecssars to reduce or increase the rale of feed to obtain the required 
shape This additional constraint automa(ica1I> clnntje'! tlie rale of tible 
rotation i?j in accordance with the rate of traverse of the saddle T3 without, 
however, altering the given ratio of the speeds of tlic'c motions at each 
moment in the course of time II is this ratio that determines the «hape of 
the cam being milled To this end, the shaft of electric motor d/, is linked 
rigidly to the shaft of the tachogeneralor Tp. The latter transmits electric 
signals through amplifjing device /f, to efectnc motor d/,, changing it*' 
rotational speed relative to the mean rate of feed given through a potentio 
meter The shaft of electric motor Mi is connected to tachogeneralor Tg, 
winch controls and maintains the given operational conditions of this motor 

When this constraint is imnecessar}, it is terminated by regulator /fg, 
Then the speed of olcctnc motor d/, is governed onlj b> a «ingle potcnlio 
meter 

Thvi«, common to all kinematic groups having ‘several sources of motion 
arranged both insido and outside the internal constraint, is tlic fact lint 
the internal constraint producing the path of the operative motion pa«-cs 
through the power part of one orsevcial electric motors Therefore the oper 
ation of these motors must meet the re<|uiremcnts made to internal con- 
straints based upon the specified «hapc*accur.ac> indices of the surface being 
machined U/fforo«eon variations in the speed of the output member of 
a motor arranged within the internal kinematic constraint lead to n cliaiigt 
m the path of the operative motion and a corresponding change in slnpo 
of the suifacc being machined 

Figure 5/1 shows the structure of a kinematic group for the operative motion 
Fg Tins group has two sources of motion and both arc within the 

internal constraint of the group, 1 0 the internal kinematic con«lrainl 
passes through the powoi parts of these sources From tlie upper spindle 
the constraint is accomplished through mcrli.inical section 1-2, first electric 
motor d/j, power section J4 ‘•ccoud electric motor niid mtclnninj 
section 0 With the second spindle Here both motors influence the pith 
of the operative motion produced b> the group The vclocil> of this oper 
alive motion depends upon the speeds of both sources oI motion if there arc 
no special sctting-up memhers in the mechanical sections i-2 ,nnd 5 G In 
this group Iho external constraint constituting the source of motion, coin 
cides with the inloriial constraint 

A structure of llu« kind can he found in the kinematic group of the ciillmg 
motion Fr (/?iF») m the Hcishauer gear grinder model ZA («cc Fig 70) 
which uses a fteltcaJJj profiled wheel , , . , » 

The Structures of the kinematic groups illustrated in big o mn> bo modi- 
fiod to some extent bv a further development of the external and internal 
constraints espcciall/m cases when the parameters of the operative motion 
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Fig. 8. Structures of kinematic groups for three- and single-element operative motions 


are variable and 'governable. Essentially, these arrangements indicate the 
possible versions of structures for a kinematic group producing a complex 
two-element operative motion. 

The structure of a group producing a complex three-element motion 
(Fig. 8a) can be modified by increasing the number of kinematic chains 
in the internal constraint. In producing a simple single-element operative 
motion (Fig. 8b), the internal constraint of the kinematic group is greatly 
simplified and consists of a single translatory or rotary kinematic pair, 
in this case, the motor can be arranged only in the external constraint. 

A kinematic group can produce operative motions that differ in purpose. 
Therefore, the group is to be referred to by the same name as the operative 
motion it produces, i.e. formative (shaping), feed-in, indexing, controlling 
and handling motion groups. 



CHAPTER 4 

KINEMATIC STRUCTURE OF MACHINE TOOLS 


4M. Representative Kinematic Structures 
of the Formative Part of a Machine Tool 

The kinematic structure of a machine tool ma> consist of a single kinemat- 
ic group producing a single operative motion— the formative cutting 
motion In this case, the kinematic structure of the machine is that of the 
kinematic group Broaching machines can he mentioned as an cvnmpio of 
such machine tools In them a single operative motion accomplishes 'several 
machining proces'=es feed-m, shaping and, in some ca«cs, even index- 
ing 

In most cTses several operative motions arc produced in a machine tool 
and Its kinematic structure is composed of «cvcral kinematic groups Various 
combinations are feasible and therefore, the slnicluro of a micliine tool 
depends primarily upon the number of combined group®, their l>pes and 
pi]rpo«cs 

A machino tool may not neccs«aril> have kincmolic groups providing 
all tho possible functional purpo«es Thus, /or instance, machino tools fre- 
quently do not liave an indeving group bccau'c tlio indexing procc*® is not 
required in the operation of the machine tool, or this process is accompli'^lied 
in conjunction with some other motion as for example, the formativ e motion 
TIio fced-in motion, as such, is al<o froqucntlj absent The only kinematic 
groups without which no machine tool is conceivable are the formative, 
or ehaping, groups It is these groups that determine the kinematic struc- 
ture of the machine tool The other kinematic groups, accomplishing the 
indexing and feed in processes maj modifj the kinematic structure of the 
machine tool to a greater or les'cr extent but do not dcicrmirio it. Of equal 
influence on the structure of the m.achinc tool is the nature ol the kinematic 
interconnections between the groups through internal and/or external kine- 
matic constraints 

The structure of the machine tool may also be influenced bj such factor® 
as the shape of the cutting tool, arrangement of the basic units of the machine 
the level of operating accuracy required, etc 

Consequently, the siriicture of a macliinc tool implies primarily the niim 
her and composition of the formative kinematic groups and their intor 
group constraints, and (hen the number and composition of the remaining 
kinematic groups, having other functions and t?ie remaining Uncmatic 
intcrgroup constraints 
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Diversified as it may be, any kinematic structure found in metal-cutting 
machine tools belongs to one of three classes of kinematic structures con- 
sisting of the following formative kinematic groups: 

(a) only simple groups producing a single-element operative motion; the 
path of each motion being produced by an internal constraint in the form 
of rotary or rectilinear translatory kinematic pairs; such a structure being 
denoted by the letter E and called an elementary structure] 

(b) only complex groups, each producing an operative motion that con- 
sists of two or more elementary motions; the internal constraint of such 
groups consisting of one or several kinematic chains; such a structure being 
denoted by the letter C and called a complex structure] 

(c) both simple and complex groups; such a structure being denoted 
by the letter K and called a combined structure. 

In the designation of a structure, the letter E, C or K is followed by 
a figure indicating the number of formative kinematic groups composing 
the structure, and a second figure indicating the total number of elementary 
motions making up all the formative operative motions. 

Depending upon the number and complexity of the formative operative 
motions produced, various versions of kinematic structure are feasible 
in each group (Fig. 9>1). 

Figure 95 gives examples illustrating the kinematic structures of various 
machine tools having representative structures. Thus, machine tools with 
an elementary structure (class E) are shown in Fig, 9fl, b and c, 

A broaching machine is .showm schematically in Fig. 9c. It has one simple 
formative kinematic group producing a simple rectilinear cutting-speed 
motion which accomplishes three processes: shaping, feed-in and, in some 
cases, indexing. Its structure designation is Ell. 

The lathe for turning the races in ball-bearing rings, shown in Fig. 96, 
consists of two simple formative groups according to the structure class E22. 

-A. cylindrical grinder with a structure E33 is shown in Fig. 9c. Each kin- 
ematic group in this type of machine has its own electric or hydraulic 
motor. 

The diagrams of Fig. 9d, e and / represent machine tools with a complex 
structure, class G. but having a single complex formative group. The degree 
of complexity of this group may vary. Diagrams of three machine tools are 
illustrated. These are; an engine lathe for cutting scrolls and having a struc- 
tiue of class C12 (Fig. 9(i) which produces a complex two-element formative 
motion; an engine lathe for cutting taper threads with a structure class G13 
(Tig. 9c) in iliG motion is of tliG tlircG-elGmont typGj and a rGliGYincr 

lathe for taper taps with a structure of class G14 (Fig 9/) The structure 
of these machine tools becomes more complex with the number of elemen- 
tary motions due to the more complex internal constraint. Thus, the internal 
constraint in the first machine consists of a single kinematic chain with the 
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cliange-gear quadrant while that of the third machine consists of three 
kinematic chains Muth the change-gear quadrants ix, iy and 

The diatrrams of Fig. 9g, h and i also illustrate machine tools with complex 
structures^ class C, but having turn or three complex formative groups. 

The diagram in Fig. 9g is for an ingot lathe which turns tapered ingots 
of noncircular cross section. Its structure is of class G24 and consists of two 
complex formative groups. The structure has been simplified by the provi- 
sion of a separate motor in each group. 

The gear hobber for cutting noncircular spur and helical gears (Fig. m) 
has a class C26 structure. The cutting-motion group in this arrangement 
produces a very complex motion composed of four elementary motions. 
The internal constraint in this case is especially complicated. 

The gear hobher with oblique hob feed has a class C36 structure (Fig. 9i). 
Here there are already three complex kinematic groups and the table with 
the gear blank is included in all three groups. To this end, the machine 
has two summation mechanisms S 2 (differentials). The arrangement 

is even more complex than that of the preceding machine tools. 

Figure 9/, k and Z illustrates diagrams of machine tools with combined 
structures K. They include a lathe for turning contoured surfaces of revolu- 
tion with a rotary form tool, structure class K23 (Fig. 9;); a machine for 
relief grinding the thread of a taper tap, structure class K25 (Fig. 9fc); and 
a profile grinder for templates, class K34 (Fig. 9Z). Typical of these machines 
is that they always have at least two formative kinematic groups, and one 
of them is sure to be a simple group. 

This classification of the kinematic structures of machine tools according 
to the kind and number of formative groups enables machine tools differing 
in their processing features to be systematized in accordance with their 
kinematic data. Thus, all the structures can be reduced to 12 existing machine 
tools with representative structures whose investigation offers no great 
difficulties. 

The structure of the principal part of a macbine tool provides for the 
shaping, indexing and feed-in processes and therefore it consists of several 
kinematic groups, including the groups for the cutting speed and feed, feed-in 
and indexing motions. The structure of the principal part of the machine 
is obtained as the combination of a series of complex and diversified kin- 
ematic and constructional interconnections of these groups and the use of 
operative members and motors common to several groups. 

The structure of the principal part of the machine tool depends, not only 
upon the number of groups and their types, but also upon the kinematic 
interconnection of the kinematic groups that has been applied in the given 
machine tool. Therefore, using various methods of interconnecting the 
kinematic groiips, several different versions of the structure of the formative 
part can be obtained for each type of machine tool. 
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Let us consider tlie factors governing the selection of the method for 
interconnecting the kinematic groups and, consequently, the selection of 
the structure for the formative part of the machine tool, 

1. First of all, it is necessary to decide whether or not the structure of 
the machine tool has a common movable operative member, i.e. whether 
there is a movable operative member that belongs to two kinematic groups. 

If there is no such member, then the groups cannot be interconnected 
through an internal constraint, since the groups are independent, but they 
can be connected through external constraints. In this case, the structure 
of the formative part of the machine tool depends upon the number of drive 
motors. If there is only one motor and it is common to all the groups, two 
cases are feasible. 


In the first case, the connected group is driven from the external constraint 
of the first group (Fig. 10a) and the external constraint of the two groups 
IS through the common interlinking section 8-6. 

In the second case (Fig. 106), the connected group is driven directly 
from some movable operative member of the first group or from some other 
member, but only one within the internal constraint of the first group. Then 
the external constraint of the second group will consist of sections 6-5-2-3. 
If the arrangement has two motors in common (Fig. 10c), the kinematic 
inleiconnection of the groups along external constraints is possible only 
through a summation mechanism (differential). ^ 

^ If the group being connected has its own (separate) motor, then the groups 
cannot be interconnected if there is no operative member in common Only 
a constructional interconnection is possible. ‘ ^ 

me'thod'oY ireix^necttg'^^^^^ “Su"p\^'deperdfi^rTlm^^ op- 

With simultaneous motions, when the common movable member nariic- 
ipates at the same time m two kinematic P-mnnc tUo memner panic 

through a differential (Fig. lOd) Here the oneraHvo 

a., a tha dillorential intercLaia bS Voups KS SS!! “ 

This typa of structure is used in gear iSEg Site, TO. 

belongs to two groups— cutting ^speed and^fpprt The work spindle 

such a machine tool has one or several motors ihn When 

nected along external constraints, by the procedur.i?^-'^^^ intercon- 
(Fig. 10a and b). ^ proceduies indicated above 

If the operative motions produced for PvnTv,r,i« u, * 
groups, are not to be simultaneous *tbp l-ino ^ +• separate kinematic 

r.cctia along iulcrnal cmslSs ' ILotTT 
menrber. but the method ol'iE’ontS vilTramerenTt 
the group tnlerconneclren may be pnralM, series or 



Fig 11 Diagram!) of maclimp tools with parallel group intcrconmctinn 

(a) moilel E3-10A worm thread penentor lir cuttlnp multlple-ttart worms (t) model 5S31 pear prfn !• 
cr (r) enplnc litlii 


Parallel inlerconiiection of urotips meon"? that n common opcralivt* rnemhor, 
in wliicli the elcmcntarj motions ore combined, can 'imiillaneotislj' perform 
liolh motions in parallel, c>cn when the durations of tlio motions differ. 


model E3-10A worm tlircad generator for cutting miiltiplo-slnrt worm" 
with a rotary cutter (gear shaping ciiltcr) Its sirnctiirc diagram is sjiowii 
in Fig. 11a In this machine tool, two complex groups, producing the opera- 
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live motions and (RzT^) are kinematically interconnected. 

The internal kinematic constraints of the two groups are through the summa- 
tion mechanism (bevel-gear differential). The work spindle belongs to both 
kinematic groups. It is connected to the cutter spindle through the internal 
kinematic chain: 1— >2->i..c->5-^central gears of the differential and mechanical 
sections 4-5-6 of the constraint.- The work spindle is also connected to the 
lead screw through the kinematic chain: central gear of the 

differential-^planet gears and worm gearing, and section S-iy-9 of the con- 
straint. 

Motion is transmitted from the motor to the internal chain of the first 
group through the drive train The drive train of the second group 

for the feed motion Fs {RsTi) is somewhat longer and parts of the 
internal chains of the first group are used to transmit motion. Motion 
is transmitted from the motor to the internal constraint through sections: 
7-i„-5-4-3-i:,-2-is-9. 

Two complex formative groups are interconnected in this machine. Simple 
and complex groups can be interconnected in the same way. This has been 
used in the gear grinder, model 5831 (Fig. 116), in which the indexing group 
(with change-gear quadrant iy) is interconnected wdth the profiling group 
(with change-gear quadrant ij) in parallel through a differential. 

Indexing is sometimes effected in this manner in an engine lathe in cutting 
multiple-start threads (Fig. 11c). To this end the compound rest with the 
toolpost is set so that its hand traverse, motion is parallel to motion 
I'll of the saddle. After cutting the first start, the compound rest is traversed 
by hand a distance equal to the pitch, the latter being a fraction of the lead. 

p 

This distance equals Z = — where k is the number of starts of the thread 

and P is its lead. The summation mechanism in the given case is the com- 
pound rest which enables tbe toolpost to be traversed without disengaging 
the motion of the saddle. 

In series interconnection of groups (see Fig. lOe), the common operative 
member participates alternately in one or the other operative motion. A dis- 
tinguishing feature of a machine tool structure in which the kinematic 
groups are interconnected in series is the provision of a mechanism which 
disengages and re-engages an internal or external kinematic chain. This 
mechanism may be a claw clutch (single-tooth), differential, indexing plate 
or other device. Interconnection in series is most often applied in inter- 
connecting a complex group with a simple one as, for instance, the formative 
and indexing groups. 

The thread-milling machine, model 561 (Fig. 12cr), is an example of group 
interconnection in series. Here, the helical motion group Fg (RiT^) is con- 
nected in series with the indexing motion group Fid (R 3 ). The latter is accom- 
plished by hand, by turning the handle of the locking member on the index 
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Fig 12 Diagrams of machine tools with «cfic* group inl'*rcrnnpfijnf) 
«}nio<lel 56t thread BillUncmachtnc (t) thread frlMlOf mebifte model }»S3A for prin 'ins nerrrj 


plote The plate has 108 equally spaced hole« jn Jl« entl lace \Nhen ihe 
loclving member ts retracted irom a hole cl the tneJet plate, the thrcid- 
cutting gear train hetuecn the work and lead «crew disengaged, motion 
/“i (/fiTj) ces«e<», and the indexing motion is imparled to ihework bj turn 
ing the indexing handle 

The same feature is found in the thread grinding machine, model r>SS3\ 
fFig 126), except that the differential pfa\s the pari of the mechmi'm for 
di«cng'iging the thread cutting gear tram In tln« pirtictilar case, the diHer- 
enlial operate®, not as a summation dc'ice but a® a clutch Of its three 
raemhors, onl\ two are in operation at an> lime 
Compound (vnes parallel) group m/erconnectwn ('oc Fig 10/) i« hi«ed 
on the resolution ol one complex motion into two Ie«® complex onp» Thi« 
interconnection i« mo'l frequcnllj applied in comlnnini:’ a complex formi- 
ti\e group with a simple indexing group For this purpo'^e, a ®pecnl rever- 
ing device (not subject to relative ®Up of the members at the moment of 
re\er-al) is in-JaJIed within the inlenial constraint of the complex group 
Upon the rcvcr-al of the elemeniarx motion of the common operitive mem- 
ber the complex formativ e motion i® tcmfiinated and onij the simple index- 
ing motion of this common operative member remain® rhu*. ai fir-l there 
are two proces-c® — «haping and indexing — and then onlj indexing 
Such a special reversing device m the form of a rnmposile gcir. In® Jeen 
u®ed in the gear grinder, model ofl&i who'e simplified kinematic dngnm 
1 ® shown in Fig 13e 



kinematic structure op machine tools 

Uve motions F, {R^R,) and Fs {RsT^) are kinematically interconnected. 
The internal kinematic constraints of the two groups are through the surnma- 
lion mechanism (bevel-gear differential). The work spindle belongs to both 
kinematic groups. It is connected to the cutter spindle through the inleinaj 
kinematic chain: 1— >2— >i3c->5-A-central gears of the diherential and mechanical 
sections 4-5-6 of the constraint. The work spindle is also connected to the 

lead screw through the kinematic chain: i->2->ij;->3-^left central gear of the 

differenliai->planet gears and worm gearing, and section 8-iy-9 of the con- 

Motion is transmitted from the motor to the internal chain of the first 
group through the drive train 7-i^-5. The drive train of the second group 
!or the feed motion Fs {RsTi) is somewhat longer and parts of the 
internal chains of the first group are used to transmit motion. Motion 
is transmitted from the motor to the internal constraint through sections: 
7-ir-5-4-S-iy,-2-iB-9. 

Two complex formative groups are interconnected in this machine. Simple 
and complex groups can be interconnected in the same way. This has been 
used in the gear grinder, model 5831 (Fig. 11&), in which the indexing group 
(with change-gear quadrant ij,) is interconnected with the profiling group 
(nilh change-gear quadrant in parallel through a differential. 

Indexing is sometimes effected in this manner in an engine lathe in cutting 
multiple-start threads (Fig. 11c). To this end the compound rest with the 
loolpost is set so that its hand traverse, motion Fj,, is parallel to motion 
7'jj of the saddle. After cutting the first start, the compound rest is traversed 
by hand a distance equal to the pitch, the latter being a fraction of the lead. 

P 


This distance equals I 


where k is the number of starts of the thread 


and F is iUs lead. '1 he summation mechanism in the given case is the com- 
pound rest which enables the tool post to be traversed without disengaging 
the motion of the saddle. 

!n .senes interconnection of groups (see Fig. lOe), the common operative 
nu'mber participates alternately in one or the other operative motion. A dis- 
tinguishing feature of a machine tool structure in which the kinematic 
groups are interconnected in series is the provision of a mechanism which 
disengages and re-engages an internal or external kinematic chain This 
mechanism may bo a claw clutch (single-tooth), differential, indexing plate 
or other device. Interconnection in series is most often applied in inter- 
connecting a complex group with a simple one as, for instance, the formative 
and indexing groups. 

machine, model .Wl (Fig. I2a). is an example of group 
interconnection in senes. Here, the helical motion group Fc (R T ) is con- 

pHsS brhand'1 v?" motion group Ind {R,). The litdr is accom- 

plished by hand, by turning the handle of the locking member on the index 
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Fig 12. Diagrams ot maclime tools with sjrics group mtcrecmncclion 
«) model S6t thread milling machine (t) thread erlnding machine model S<S3A for grindlns «orm» 


plato Tho plate has 108 equally spaced holes in it« end face When the 
locking member is retracted from a hole of the im]e\ plato, the tiircid- 
ctilling gear train between the work and lead «crcw le di«engaged, motion 
ceases, and llie indexing motion is imp.arteil to the work b> turn- 
ing the indexing handle 

Tlic same feature is found in the thread grinding machine, model 5883 \ 
(Pig 12i), except that tho differential pl.ajs the part of the meclinni-sm for 
disengaging the thread-cutting gear train In this particular case, tho differ- 
ential operates, not as a summation doxicc, hut as a clutch Of its three 
members, onl> two are in operation at nii> lime 
Compound (senes parallel) group interconnection («!CO Fig 10/) is ba«cd 
on the resolution of one complex motion into two le*®; complex oiie« Tins 
interconnection is most frequently applied in combining a complex forma- 
ti\e group with a «imple indexing group For this purpose, a special rc\cr« 
mg de\ice (not subject to relative slip of the members at the moment of 
revor'.il) is installed within the internal constraint of the complex group 
Upon the reversal of the elementary motion of the common operative mcm- 
hcr, tho complex formativ c motion is terminated, and onl j the ‘iimplo index- 
ing motion of this common operative member remain^ Ihus, at fir«t there 
arc two processes— ‘slnping and indexing— and then onl> indexing 
Sucli a special reversing device, in the form of a composite gear. Ins been 
used in the gear grinder, model 51184, whoso simplified kinematic diagram 
IS shown in Fig 13c 





(a) 


(,) threnliin^iaThc! interconneclic 

I--1. (0 gear grinder, model 5nS4 
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This composite Rear IS ie\cr<5cd hy meins o( the tr-wcUms dme puuon li, 
nhich alternalclj meshes ^vlth the c\tcrnal ind inlcrml teeth of the composi 
lie Rear The rectingular table tra\els lUernntelj m both directions 
(motion Ti) ^vhlle the circular table continue^ to rotate oiil> in one direc- 
tion (motion Ht) As a result, the workpiece executes the roll (ceiierating) 
motion Ft {RyT^) during the forward stroke of the rcclniiRiilnr table The 
motion Ft stops upon table rexersal while the indoxinR motion /mf(f{.) 
of the cucular table continues 

Similar interconnection of the formatixe and indexing groups is tjpical 
of all relieving lathes (Fig 13a) Here a plate cam 3 is n«ed as the special 
rexersing de\ice within the internal constraint of the formatixe group 

A compound method of indexing is ajiplicd in the threading lathe, 
model 1921 (Fig 13b) for cutting multiple start threads Upon the rcluru 
of the tool to its initial position, after the first start, the spindle continues 
to rotate in the same direction, not a whole number of rexoliitions, but a cer 
tain fraction of a rcxolulion more or less, enabling the tool to register in the 
next start Cylinder cam A, installed in place of an ordinary lead «crew 
is the special levcrsing device in tins ca«e 

Ihcse general theoretical propositions concerning the kinematic structure 
of the formative part of machine tools are he^t understood in analvsuig the 
structures of machiuo tools of a single processing group, for evnmplo, gear 
bobbing machines 

riRurc 14 illustrates the construction of the rcpresenintivo structures 
employed for the formative part of a gear bobbing mncliino in performing 
the most complex tj pe of machining, i e in cutting a helical gear with a hob 

A diagram of the formative motion is given in Fig Via Two formative 
motions are required to cut a helical gear with a liob The first of the<=e, the 
cutting speed motion F„ {RiR-) shapes the tooth profile and aho provide'- 
for the indexing process This is called the roll, or gcneraliiig. motion and 
IS produced by two elementary motions hob rotation 7?j and table rotation 
With the gear blank i?s 

Ihe second feed motion f, (Tjrtt) ‘‘hapes the tooth along its length, nlong 
a helix This helical motion IS produced hy two elementary motions rcctilin 
ear motion of the hob across the gear face Fj and rotation of the gear 
blank 

noth of the formative motions are of the complex two elemciil type ami 
to produce them the formative part of the gear hohher niu-l k de-ignei! 
in the form of two complex formative kimmatir group- the cutting motion 
/ B (/?,/?«) and the feed motion /. 1» addition to thc-e two formative 

groups, the formative part of the hobhtr may iiicorporati a third group- 
the food in group Ihe composition of the lattir group dipends upon the 
feed in method applied m tlie bobber \n aiiaivsi-, of theslnictiiro of tlie form i 
tive part of a gear bobber with a separate feed in group i- given ui Sec >3 
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13. Diai'rnms of machine tools with series-parallel group interconnection; 
(a) icllcviti" latlic; ()i) tlircading lathe, model 1921; (c) gear grinder, model 51184 
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Thiscompo<5ilOKe'irisrc\crscd h> means of tlie Iravclhntr drj\t piinoii //, 
which allernatclj mp«hes with the cxlcrnnl and internal toclh of the compos- 
ite gear The rectangular table lra\cls alicnntelj m both directions 
(motion Tg) "h«Ie the circular table continues to rotate onij in one dircc 
lion (motion Hj) As a result, the workpiece executes the roll (conerating) 
motion Fg during the forward stroke of the rectangular table The 

motion F, slops upon table rexersal while the indexing motion Ind{U-) 
of the circular table continues 

Similar interconnection of the formatise and indexing group* is tjptcal 
of all relieving lathes (Fig 13a). Here a plate cam 3 is used as the special 
reversing device within the interna) constraint of the formative group 
A compound method of indexing i* applied in the threading lathe, 
model 1021 (Fig 13i) for cutting multiple start threads Upon the return 
of the tool to its initial position, after the first start, llio spmdle conlinnes 
to rotate in the same direction, not a whole number of revolutions, but a ccr 
tarn fraction of a rev olution more or less, enabling the tool to register in the 
next start Cylinder cam A, installed m place of an ordinarj lead «crew, 
IS the special reversing device in this ca«e 

Ihese general theoretical propositions concerning the kinematic slriicliire 
of the formative part of machine tools are best understood in ainl>«uig l)ie 
structures of macliuio tools of a single processing group, lor example, goir 
bobbing machines 

Figure 14 illustrates the construction of the representative structures 
employed for the formative part of a gear-hohbing machine m performing 
the most complex ' * • • ' •• i * 

A diagram of * • ■ 

motions are requ 

culting-spoed motion Ft, (/fi/?*). shapes the tooth profile and oho provide- 
for the indexing process This is called the roll, or goncratiiig, motion and 
IS produced bj two elcmcntarj motions hoh rotation /?, and table rotation 
With the gear blank /?« , , , 

Thc6« ■■■ " ' ' , 

a hehx 
car moti 

hhnk /?. , . , 

Both of the formative motions are of the complex, two element t>pe and 
to itroatKC llicm llic lormati-vc port o! llw Root ItoWirt intirt In 
in the form of ton complox lormalne kinematic c^ollp^ tlio ciitliiis molimi 
! , (/I, IK) and Ilia food motion f. (r,H,) In addition to tlio^o ttio forimlnc 
croons the tormalna part of the Iioblicr maj iticorpornte a third croiip- 
Ihe iced in croup 'ilia ooraposilion of the latter croup depends upon tin’ 
teed in method applied inthchobber AnanaUsisotthestriictiire of the forma 
litc pan of a gear bobber atilb a separate feed in croup IS cnen in See a 3 
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Fig. I'l. Coiiblruclion ol the representative structure employed lor the formative part 

of a gear-hobbing machine 


riio whole formative part of the hobber is constructed by evolving the 
first formative kinematic group, the cutting-speed motion group Fj, {R-^R^. 
It is known that any kinematic group always consists of two kinematic con- 
straints; the internal constraint which provides the path of the given motion, 
and the external constraint which provides the velocity, path length, direc- 
tion and initial point of the given motion. First of all, we construct the 
internal constraint of the kinematic group for the cutting-speed motion, 
Fig. 145. To this end we connect the hob spindle to the work table through 
a rigid (positive) kinematic chain (a dash line in the diagram) which makes 
the table rotate with the corresponding speed upon any rotation of the hob 
.spindle. Thus, through the internal kinematic constraint R-^ 1 —> 2 ->■ 

R«, the elementary motions Ri and become interconnected and 
thereby produce the path of the generating motion. 

If this internal kinematic chain is connected to the motor (Fig. lAc)^ then 
kinematic chain Mj 3 4 will be the external kinematic constraint 

in which point 4, the point of connection of the external and internal con- 
straints, is the member which belongs to both the external and internal 
constraints. These two comstrainls produce the complex generating motion 
which is also the cutting motion Fj, {RiR„). The structure of this kinematic 
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group can be sot down in accordance with the ‘Structural diagram os follow*! 

1—^Ri of the bob 

♦ 

i— of llic work table 
whore 1 ,. = cutting spcod change gears 
t, = indexing change gears 

It IS CMdcnt from this coinentioiml «cheinatic ropro«cntalion that iho 
motion IS tiansmitlcd from motor it/, (Iirotigh the external constraint to 
point 4 It IS transmitted further, upward to the hob and snnuUnneonslj 
downward to the work table 

The second kinematic group, the food motion group / , (Ta/fj), can oNo 
be constructed separately llie construction is begun with the internal con- 
straint (Fig iAd) In tins case— one frequently encountered in machine tools— 
one moxalilo oporotuc member (the work liblc) participates m producing 
both formntiN c motions Hence, the table belongs to both groups and rccen cs 
two independent clomcntnrj motions /f. and To tlu« end, a summation 
mechanism is included in the arrangement This mechanism V, (differen- 
tial) has two input members (points 5 and 7) and one oulpiil member 
(point C) to which the sum or difference of the two elemenlnr> motions /Ij 
and lit, IS imparted 1 ho internal constraint of the group is called the tU^er- 
ential train, it interconnects the xortical feed «crcw with the table through 
the constraint 

r, I, — r — 1’, -* c -> 2 -V /(. 
where = pilch of the acrlical feed «crow 
21i = differcnlial. 

II the prCMousl) constructed cutting speed motion group /’p (/f,/f.) 
IS connected to this internal constraint, we obtain the intcrmcdialo diagram 
shown in Fig iAe It is now cMdciil tint the internal constraints of botli 
groups pass through differential To construct the first, and more 
simple, \crsion of the kinematic arrangement of a gear bobber, wo shall 
take the case in winch the feed group Ins its own separate motor M. 
lUc sUwcUxrc of the whole feed group F, can then bo set down as 

IV) V|-^C— >2— 

t 
I 

I, 7-, 


4-303 
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It follows from this representation that motion is transmitted from 
motor through the external constraint up to point 9. Further, from this 
point,' motion is transmitted upward through the differential to the work 
table, and simultaneously downward through the differential change gears 
i,, and vertical feed screw to the hoh slide. 

Connecting the external constraint of the feed group to the whole previous 
arrangement, we obtain the structure of the formative part of a gear hohher 
in which each formative group has its own separate motor (Fig. 14/). 

This structure has been employed in the gear hohher, model 5312, which 
was built into an automatic transfer machine for gear production 
developed by ENIMS (Experimental Research Institute for Metal-Gutting 
Machine Tools, Moscow). 

This proves to be the simplest and most efficient version of gear hobbcr 
kinematic structure as witnessed by its excellent performance in the opera- 
tion of the transfer machine. 

However, the main drawback of this version must also be mentioned: 
only feed per minute can be obtained, feed per revolution of the work 
(which we shall call simply “feed per revolution’’) is not available, Avhich 
fact distinguishes the given machine from other gear bobbers. This shortcom- 
ing becomes especially important if the cutting-speed change gears must 
be frequently changed over, because it entails a corresponding change-over 
in the feed change gears to maintain the optimum feed per revolution. Such 
additional change-over complicates the setting-up of the bobber. It should 
also be mentioned that a bobber with two motors is somewhat more expen- 
sive, Thus, even though gear bobbers with two motors have not found wide 
application in general practice, their use in the above-mentioned transfer 
machine was quite justified and expedient. 

Other versions can be developed for the structure of the formative part 
of a gear bobber if the constitution of the external constraint is varied in the 
feed group. Let us consider these versions, which are illustrated in Fig. 15. 

It is possible to maintain constant feed per revolution in gear bobbers 
in which each formative group has its separate motor if a special intergroup 
kinematic constraint is provided in the structural arrangement between the 
formative groups. This intergroup constraint maintains constant feed per 
revolution (Fig. 15a) through the chain: Avork table 2 8 9. Oil from 

an ordinary pump is delivered through a metering pump {MP) to hydraulic 
cylinder Cj. The faster the table rotates, the larger the volume of oil dis- 
charged by the metering pump and the higher the feed per minute of the hoh 
slide. This provides for a constant feed per revolution. This structural 
arrangement has been employed in the Reishauer, model ZA, gear grinder 
operating with a helically profiled grinding wheel (Fig. 70). The addition 
of this short intergroup constraint did not complicate the kinematics of the 
machine to any great e.xtent, but the constraint ensures a more uniform 
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Fiff 15 \ersions of the external conMnints lo the kinemahc feed poup of fear bobbers 


x'hcel feed and, con«cqiicrillj, a better «urfncc finish on tlio ground teeth 
The pnnciplo is to be u«od in gear bobbing machines 
Machine tools arc commonly built with one drive motor to reduce their 
cost (Fig i5b and c) Two difrcrcnt «lriictiinl arrangements maj be applied 
in this case The e«;once of the first nrnneement (Fig i%) is tint the exter- 
nal constraint of the feed group F, (Tjfii) is connected lo the external con- 
straint of the cutting speed motion group *) at point 9, located neir 

motor jl/j Tins arringcnicrit bas not been used in gear liobbcrs bccau«e tlie 
drive kinematic chains are longer tlnn in the preceding versions and onlv 
feed per minute is avaihble If, on llic other hmd, the external constraint 
of the feed motion group F, (Tyltt) is connected to the irilornal constraint 
of the culling speed motion group F^ (Itili.) at point 9 located near tlie 
work table (big 15r), the kinematic nrrmgcmcnt of the maclurie becomes 
more compact and it provides for constant feed per revolution when Ihi 
cutting speed is clnngcd lor Ihr^e rei'ons this itnicliirc js emplojtd in 
almost all gear bobbing mnehines and it can be accepted ns tlio representa- 
tive structure for lhi« ch«s of machine ^o\c^thele'^s the structure of the 
kinematic feed group is quite cumbor'ome and more involved than m the 
preceding version though it has not made Iho whole structure more com- 
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ulex. This is due to the fact that the external and part of the internal con- 
straint of the first kinematic group for the cutting-speed motion are used as 
the external constraint of the second, feed motion, group. 

To establish the constitution of the feed group, we remove the cutting- 
speed motion group from the general structure of the foimative part of the 
gear hobber (Fig. 15c). The remaining part of the structure refers to the 
feed motion group Fs Representing this structure conventionally 

we obtain 

R^ < — 9 — ^ is — ^ ^0 — > S — > ti 

t I 

2 1 

I I 

i 

i t 

5 — > 2ji — ^ ^ 


This representation shows that motion is transmitted from drive motor Mi 
through the external constraint of the feed group, speed change gears ip, 
differential indexing change gears i^i point 9, and feed change gears ig 
to point 10 which is the interconnection of the external and internal con- 
straints in the feed group Fg {T^Ri)- From point 10 motion is transmitted 
along the internal constraint of the feed group through point S and vertical 
feed screw to the hob slide which accomplishes the elementary motion T^. 
Motion is likewise transmitted from point 10 through the differential change 
gears i,,, second input shaft 7 of the differential, differential 2i> output 
shaft 6 of the differential, inde.xing change gears i,; and point 2 to the work 
table to which the second elementary motion R^ is imparted. This group 
produces the helical feed motion F* {T3R,,). Since the feed change gears ig 
are arranged following the differential and the indexing change gears the 
bobber has a feed per revolution which remains constant upon any cliange- 
overs of change gears and i,„ if change gears ig are not altered. The feed 
per minute depends upon setups of the change gears 4 , and ig. 

This representative structure of the formative part (Fig. 15e) is applied 
in the most widely used gear bobbers in the Soviet Unfon (models 5,Ii;32 
and 5E32 of the Komsoniolets Plant) as well as in many other Soviet and 
foreign models. 

It is also evident from the structural diagram that the external constraint 
of the feed group, between motor Mi and point 10, is not an independent and 
separate feed gear train, but consists of a series of sections belonging to the 
cutting-speed motion group. Thus, section i„ ~^4is the external 
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constraint of the cutting motion group, «ectioii 4-* 3 ^ Vj 6’ 5 

IS part of the internal con‘!trait»t of (he cu((ing-spccd motion group, and 
only section 0~-*-ig—^~10 is an independent pnrt of the dri\e geir train 
in the feed group The u«e of certain chains of the culltnf; ‘ipceti molioit 
group ns feed gear trams is an advantageous procedure ^incc it simplifiCii 
the structural arrangement of a gear liobber with a '*ij)gle drive motor 
However, if a considcrafde load is transmuted b> the feed gear tram, it mn> 
adverselj, affect the cultmg speed motion group through the common branches 
of the constraints As a rule, the feed group is not subject to a high load and 
Its influence on the cutting speed group is negligible 

It has been established b> moans of structural nnal>sis that there can ho 
four possible voisions of the structure of the formative part in gear hobhing 
machines Thus, they maj have 

(1) two drive motors and no mlcrgronp constraints («ce Tig I'i/); 

(2) two drive motors and an intergroiip constraint ('Pe Tig 15^), 

(3) one common drive motor and feed per minute (Fig 15h), 

(4) one common drive motor and feed per revolution (Fig 15e) 

Only the first and fourth structure versions of gear bobbers find applica- 
tion in practice 

Though the structure iii each kinematic consiraml may vary as to tlie 
number and type of members compo«mg the constraint, the number of con- 
straints, ihoir type and tiieir mtcrconiieclion can be onl> ns indicated in llu 
four preceding versions if llie gear liobber has a common movable operative 
member Thus, for evample, cutting speed and feed gearboxes have been 
installed in place of tlic cutting speed and food cliaug*^ in the 

niodels5K32 and 5K324 gear bobbers of the Korn'ornolcts Plant (see Fig 40). 
but the structure of the formative part still lullj complies with live fourth 


structure version (Fig 15c) 

Next we shall consider the structure versions of the formative part of 
a machine tool which does not Invc an> common mov able operative member- 
To this end we shall take a machine toof with the sime number and tux- 
of kinematic groups as lho«o of the gear bobber considered prcviou-lj wUli 
a structure of class C24, i o a machine tool with a structure of a romplrv 
class with two complex formative groups of four elcment.irj motions arid 
aithoul a common movable operolivo member 

The kinematic interconnection of the groups, lu Hus case, can he onlv 
along the external constraints, and there are four possible versions for the 
structure of the formative pari o! the nmehme Ihc sirticlure ma> incor 


1) l«o dn.e motors and no iiitersroup constraint (tK lOa), 

2) IMO drne motors and an intergroiip coiislraint (1-iE U'O). 

;3) one common drive motor and feed per mtniile (I 'K 

A) one common drive motor and feed per revoliit.oii (I iS IM) 
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plex This is due to the fact that the external and part of the internal con- 
straint of the first kinematic group for the cutting-speed motion are used as 
the external constraint of the second, feed motion, group. 

To establish the constitution of the feed group, we remove the cutting- 
speed motion group from the general structure of the formative part of the 
gear hobher (Fig. iSc). The remaining part of the structure refers to the 
feed motion group Fs {TM- Representing this structure conventionally 

we obtain 

t 

I 1 ; 


This representation shows that motion is transmitted from drive motor Mi 
through the external constraint of the feed group, speed change gears ip, 
differential 2'i> indexing change gears ix, point 9, and feed change gears is 
to point 10 which is the interconnection of the external and internal con- 
straints in the feed group Fs {TsRt,). From point 10 motion is transmitted 
along the internal constraint of the feed group through point 8 and vertical 
feed screw to the hob slide which accomplishes the elementary motion 
Motion is likewise transmitted from point 10 through the differential change 
gears second input shaft 7 of the differential, differential output 
shaft C of the differential, indexing change gears and point 2 to the work 
table to which the second elementary motion is imparted. This group 
produces the helical feed motion Fs {T 3 R.,). Since the feed change gears is 
arc arranged following the differential and the indexing change gears ix, the 
bobber has a feed per revolution which remains constant upon any change- 
overs of change gears ix and iy, if change gears is are not altered. The feed 
per minute depends upon setups of the change gears i„, ix and ig. 

This representative structure of the formative part (Fig. 15c) is applied 
in the most widely used gear bobbers in the Soviet Union (models 5^32 
and 5E32 of the Komsomolels Plant) as well as in many other Soviet and 
foreign models. 

It is also evident from the structural diagram that the external constraint 
of the feed group, between motor and point 10 , is not an independent and 
separate feed gear train, but consists of a series of sections belonging to the 
cutting-speed motion group. Thus, section ^ is the external 
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constraint of the cutting motion group, 'octioii — 

IS part of the internal constraint of the cutting speed motion group, and 
only section 0— *-i,— is an independent part of the dri%e gear tram 
in the feed group The ii^e of certain chains of the cutting-speed motion 
group as feed gear trams is an adiantageotis procedure since it «lmpll^^e^ 
the structural arrangement of a gear hohber Mitli a single dri\c motor 
Houever, if a considerable load is transmitted h> the feed gear tram, it ma> 
ad\ ersely affect the cutting speed motion group through the common branches 
of the constraints As a rule, the feed group is not subject to a high load and 
its influence on the cutting speed group is negligible 

It has been established by means of structural analjsis tint there can bo 
four possible \orsions of the ^Irucliire of the formatisc part in gear bobbing 
machines Thin, thej maj ha\c 

(1) t^\o dri\o motors and no inlergronp constraints (see fig 14/); 

(2) tuo dfi\c motors and an intergroup cointrainl («ee Tig 

(3) one common drnc motor and feed per minute (fig 15b), 

(4) one common druc motor and feed per rc%oliilion (Pig 1^) 

Only the first and fourth structure \crvions of gear bobbers find applica- 
tion in practice 

Though tho structure in each hinemattc con«trai;it may inrj as to the 
number and type of members composing the constraint, the mimher of con- 
straints, their type and their interconnection tan he onl> n« indicated in the 
four preceding torsions if the gear bobber has a common mo\ablo opernliNo 
member Thus, for ctample, cutting speed and feed gcarho\es ha\o been 
installed in place of the cutting speed and feed cJnngo pears m the 
models 5K32 and 5K324 gear bobbers of the Kom'omolcls Plant ('cc Fig 40), 
bill the structure of tho formative part 'till fullj complies with the fourth 


sliucture version {Fig 15c) 

Next we shall consider tho structure versions of the formative part of 
•a machine tool which docs not hive an j common mo\ able operative nicmber>* 
To this end we shall take a machine tool with the eime number and tjpt 
of kinematic groups as lho«e of the gear bobber considered previously with 
a structure of class C2'i, i e a machine tool with a structure of a complev 
cla<!s with two complev formative groups of four clcmcntiry motions and 
iMthout a common movable opcrali'o member 

The kinematic interconnection of the groups, in tins ca«e, can be onlv 
nfong the external constraints, and there arc louc po^sihie ^cc<^ 0 (ts lor tho 
’'Irucluro of the formative part of the michinc Ihe structure may incor 


•orate ,,, . 

(1) two drive motors and no mteigroup ronslrainl (1 ig Iba) 

(2) two drive motors and an intergroup constraint (big 1Gb). 

(3) one common drive motor and feed per minute (big IGc) 

(4) one common drive motor and feed per revolution (Fig tCd) 
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II is impo.ssi3)]o to connect llio two groups kinematicaliy in the first version 
wliich lias neitlier a common movable operative memhor nor a drive motor 
in common, since tlicro are no common members in either the external 
or internal kinematic constraints. The two groups, in this case, can he inter- 
connected only nominally, i.e. they can ho mounted on a single memhor, 
such as the bed. Tlic groups are interconnected kinematically in the second, 
third and fourth versioms, and then only through external constraints. Jn 
actual practice, machine tools maybe encountered with a common movable 
memhor as well as without one, therefore, the number of possible structure 
versions is limited to ciglii, of which one structure-- with a common movable 
memhor and common drive motor and feed per minute (Fig. — is very 

rarely employed. Of the seven remaining structures, the most extensively 
applied, duo to its high ofricioncy, is the one with a common movable mem- 
l)cr and a common drive motor employing feed per revolution (Fig. 15c). 

From llie comparison of the four structure versions of macliine tools 
liaving a common operative memhor (Fig. 15) with those who do not (Fig. 16), 
it is evident that tlieir difference lies primarily in that the groups are intor- 
coimocK'd along internal constraints in tlie machine tools liaving a common 
operative member. Consequently, most of these machine tools Jiave a sum- 
malion mechanism (differential). In this case, there may or may not be 
inlercoiuiections along the externa! constraints, hut interconnection along 
internal constraints exists without fail. If group interconnection along exter- 
nal constraints does occur, llion the method of iiitorconnoction is the same 
in both typos of machines. 'I'o get a belter idea of the possililo versions of 
kinematic structure of machine tools, it is necessary to consider the problem 
of arranging llie setting-up devices. 

'I’ho slriicLural diagrams of gear hohhers (Fig. i7a) indicate that the inter- 
nal and external gear trains in both groups consist of a series of sections. 
I'or instance, the internal constraint of the cutting motion group consists 
of hve sections; 2~d, 4-1), 5-() and 0-7, In the given case, the indexing 
rliange gears are arranged in section O-O, but could just a.s well have boon 
arranged in any other section of the .same chain. Sections 0-0 and 0-7 are 
rommon sections since they liolong to the internal Icinematic constraint 
of holli tlie cutting and food motion groujis. Therefore, both the indexing 
rliaiigo gears and the differential ciiango gears i,, can he arranged in those 
heclioiis, i ho feed i„ and speed /„ change gears can also ho otherwise arranged. 

Inis, liy varying the arrangement of the four sots of change gears, a fairly 

<11 go iiuinlier of structure versions can he obtained. "^I’lic most oflicient arrange- 


ami i 


mw.-, u.uui.in euimig speeds and Jectls should cnlatl no changes 
Snell an arrangement of the change goar.s is shown in F'ig. 17r/. 
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1 ig IG Slructure >orsion‘i of the formitnc pirl of a in'sdiint tool which <locs not hi\c 
an> common moNiblc operative mcmhcrs in its of motion 


As a matter of fact, we sliall trj to mo\e tlic change gears to other sections 
of the diagram If the cutting speed change gears te are arranged in section 
^ 2 (fig 17I<) It will be more difficult to set up tlie indexing change gears 
since anj changing-o\er of ip will require a corresponding change-over in f,. 

If cliange gears arc arranged in the «cclion 3-2 (Pig. 18a), then aiij 
changes made in them will require like cliniigcs in tlio speed change gears ic 
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^ Iz-if Isd ^S-B 4 - %-? " 2 
^ ?7-e ^s-sl^ ?:g I 9 -S ^8-10 



Fig. 17. Versions of change gear arrangement 



Fig. 18. Versions of change gear arrangement 
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Moreover, change gears i^, arranged ^vdthin the cutting speed gear train, 
will he subject to higher loads. This cannot be permitted. 

Let us assume that the indexing change gears are in section 2-4 (Fig. 18&). 
Then, after cutting one gear of a pair and in changing over the machine to cut 
the mating gear, it will be necessarj’’ to change i:^ (because the number of 
teeth s has changed) and iy (since the lead P of the helical teeth has changed). 
This may result in an inaccurate lead P due to the approximate setting-up 
of change gears iy and to loss of time in changing over the bobber to cut 
the second gear. 

Another possibility is to arrange change gears in section 5-6 (see Fig. 17n). 
In this case, the value z is cancelled in the set-up formula for i,j so that the 
ratio of these change gears mil depend only upon the module m and helix 
angle ji of the helical teeth, both of these values being identical for mating 
gears. Thus, only need be changed over to cut the mating gear of a pair. 
Sot-up time is reduced and a more accurate lead is obtained on the helical teeth. 

The last possible location of the indexing change gears is in the section 
6-7 of the constraint (Fig. 19a). In this case, it will be necessary to change is 
each time the indexing change gears are changed over. This also leads 
to a loss of time in changing over the bobber to cut a mating gear. 

These two arguments exclude the feasibility of moving the differential 
change gears iy to section 5-6 or 6-7 (Fig. 196). The only remaining possibil- 
ity to be checked is to move feed change gears is to section 8-10 (Fig. 20a). 
This proves inconvenient as iy must be changed over if changes are made in is- 
Hence, the most rational arrangement of the differential change gears 
is in section S-9. 

The feed change gears is could be moved to section 6-7 (Fig. 206). Howev- 
er, in selecting the most efficient feed and in changing over is, here being 
within the internal constraint, it Avould be necessary to change over two 
more sets of change gears, and iy. Such a procedure cannot be permitted 
under any circumstances. 

It follows that the most efficient arrangement of the setting-up devices 
is the one shown in the structural diagram in Fig. 17a. This is why this 
arrangement is the one used in gear bobber design. 


4-2. General Procedure for Analysing the Kinematic Structure 
of Machine Tools; Setting Up the Kinematic Chains 


ff^^Tse the kinematic scheme of any metal-cutting machine 
10 general theoretical principles concerning the kinemat- 
it struct me of machine tools, formulated in the preceding section. 

Such an analysis is based on the following three principles. 



» ANALYSING THE KINfMATIC STnUCTLnr 


(a) The hinemalic 'chome is anal}«cd m parts and not a whole, the 
first to he considered beinjj the kineniTtic groups producing the formati\e 
indexing and feed in motions and llicii the othcr< <!uch ns tlie control and 
Jiandling motion groups 

(h) The analysis of the kinematic «!iructiire of each group is hegiin not 
■with the sources of motion (motors) Lut with the kinematic chains or pairs 
which proNide the internal kinematic constraint inside the kinematic group 
Onlj after this, the driao tram from the motor is estahli'lied 

(c) Structural chains are con'idored in structural analysis, while in 'citing 
up the machine the kinematic calculation chains are dealt with Structural 
and calculation chains are not the <amc thing A structural kinematic cliain 
IS a real chain or gear tram proaiding the kinematic coii'trunls required 
to obtain the specified parameters for the operative motion being produced 
Kinematic calculation chain' on the other hand, arc drawn up with the 
'ole aim of dclerminirig the unknown parameters of the 'etting up device' 
Con'equciitly, calculation chains differ from structural chain' both in 
constitution and in numlior 

In the general ca'o the annijsis of the kinematic 'triiclurc and the sotting 
up of the kinematic chains in a machine tool can he broken down into four 
stage' 

1 Proceeding from the «hapo of the surface to be obtained the cutting 
tool to be used and process of shaping the material the number and tjpe 
of kinematic groups arc determined for the formative, indexing and feed in 
motions Then the kinematic scheme is divided into as man> parts as 
■tlioro arc groups 

2 Knowing the nature of the operative motions the structure of each 
kinematic group is examined 'cparalclj The inlerna! and external con 
straints are established in each group and the devices are found for setting 
up and regulating the parameters of the operative motion 

3 The remainder of the kinematic 'clnine usuallj consisting of the 
controls and the kinematic groups for handling motions is considered 

^ The kinematic chains of the machine tool arc 'Cl up after deriving 
the setup formulas for the changc-gcir 'Cls and certain other setting up 
^e\ ices 

The setup formula for aiij change gear 'ct is determined bj fir't outlining 
the kinematic calculation chain in accordance v\iih the kinematic sclumt 
of the machine The equation which is next worked out on the I a«is 
of the calculation chain has been called the kinematic balance tquation 
b> Prof G Golov in w ho fust propo ed a iinif ed 'Cliip formula for all macfifne 
tool' The ratio for each 'cl of change gears is dclcrminod in thi' vsaj Since 
several dinercnt kinematic calciiliHon chain' can sometimes le outUned 
for n 'ingle 'el of change gear^ the e chains arc onij conventional one' 
which do not alvva>s determine the nature of the kinematic 'cliirai in t! i 



GO 


KINEMATIC STRUCTURE OF MACHINE TOOLS 


machine tool. Hence, kinematic calculation chains serve only to deter- 
mine the ratios ol the change gears. Machine tools of the same type with 
the same kinematic structure may have a different number of change-gear 
sets and different kinematic calculation chains if the parameters of the 
operative motion being produced are to be set up in one machine by means 
of change gears, and in the other by another type of setting-up device 
whose characteristics can be found without working out the kinematic 
balance equation. 

To work out the kinematic balance equation of a calculation chain it is 
necessary to know the basic displacement of the final members. The proce- 
dure employed to determine these displacements depends upon whether the 
setting-up device being considered is in the internal or external kinematic 
constraint. 

If the setting-up device is within the internal constraint, the final mem- 
bers will be movable operative members. The absolute displacements of the 
members are not known but their relative displacements are; they corre- 
spond to the relative displacements in a mechanical transmission whose 
form is a copy of the given Avorkpiece and cutting tool. 

To this end, a definite motion is imparted to one of the elements of the 
transmission (work or cutting tool): one revolution in rotation or a dis- 
placement of L mm in rectilinear motion. 

On the basis of the transmission ratio between the work and tool (it is 
the same as in the transmission which in form is a copy of the work and 
cutting tool), the displacement of the second element (cutting tool or work) 
is determined. 

For example, the basic displacement of the final members of the indexing 
chain in bobbing a spur or helical gear can be written as follows, taking 
into con.sideralion that the gear blank and hob copy the motion of a worm 
drive, or transmission, 

1 revolution of the hob— revolutions of the blank 


where k number of starts on the hob 

3 number of teeth on the gear being cut. 

The pknlation and structural chains of the external constraints usually 
djf er in composition The calculation chains for determining the ratio 
of Uie cuUing-speed change gears are very simple in constitution. The kine- 

n/nno speod (rpm) with the speed (rpm) 

mn on f participating in the production of the cutting 

Ik"- "or cmUng-spoed chain of a gear hob- 

Ue rpm of the motor— >n,, rpm of the hob 
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The constitution of the cnlculahon feed clnins depends upon the iinil 
of feed eniplojcd nnd this in turn depends upon the ncceplcd manuhclurinp 
process The different feed units nre feed per molutioii (nim per re\) feid 
per minute (mm per min) and ejele time («ec per cjcit) 

TJius, the basic disphcemenls m the feed chiiiis nri 


1 Hr feed per minute 

liiienr feed for motion of the or /’.(T’j/?,) t\pc 

tie rpm of the electric motor— mm per mm of tr'inshlorx motion 
of the opontne member m the fwd troiip 

ronrj feed for motion of the or l^pe 

«« rpm of tlic electric motor— >w rpm of fhe moMlIe opernti\e menil>or 
in the feed group 


2 For feed per rtvoJution 

linear feed for motion ol thi J-tiT,) Ijpe 

1 roiolulion of the monhle 'j ^Sr disphcemcjil of the moialdt 
opentiie member in the | openine mcniUr in the fied 

cutting speed group j group 


or 

1 full stroke (hnck nrid forth) 
of the mo\ible opentiie 
member in the cutting speed 
group 


Sr disphcemenl of the monhle 
openine mtnibcr in the foid 
group 


rotary Iced for motion of the F,(/li) or Upe 


1 ro\olulion of the monhle ') 
opentne member in the cut f 
ting speed group ] 

or 

1 full stroke (back and forth) 
of the moiable operatne mem | 
her m the cutting speed group ) 


—t. ro\olutioiis of the nionhle opera 
’’ ti\e nicmler in the fie<l group 


< r<.\olutious of Ihemonhle opor 
'rO ati\c mcmlAr in the feed group 


3 For feed exprisscd as c>cli tune 
i roiolution of the camshaft — > resolutions of the motor 


The hiricinol.c «lnicliiro of i mncliinp lool <lp)irinl« not onl> upon the 
principles folloiiod in linking tltr merabei' bill ol-o oi: a grril imnj other 
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Inl ^.ear Inin uliile llie feed Rcir Inm nui*:! le connected lo llie culling 
speed group ‘!o that tlie inlcrial conslninl hctuccfi IIk clemenlnrj motion® 
"inking up the operntj\c feed motion is nccomplished through the cutting 
«peed group 

Shownin Fig 22istliekinemnticdi gnm of the honzontnl tjpc nondifler 
Pnlnl gear liobbirig mnchiiie model 'i\OIO Thi® mncliine cnncoiuenientlj 
boll ®pline shifts ind wide spur or lielicnl pinions integral with their 
■'Infis 

The indexing chnnge gcir® i, ire «ct up to cut a helicil genr differentlj 
Hi this iiobber thin in i difTcrcntnl bobber 

As a rule to «ct up the indexing cJnnge gears i, one revolution of the 
ec'ir blank is linked in the cutting speed motion group (//j/f,) with ^ 


»~3fl3 
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Fig 22 Kinomalic diagram of llic nondiffcrcnlial gtar Iiobbcr, model SAGtO 


t:al gear train, wlulc the feed pcir train inu«t bo coniiecled to tlic cutting 
*pecd group so that the internal constraint between the elementary motions 
nnking up the operatise feed motion is accomplished through the cutting 
‘'peed group 

Shown in Fig 22 IS the kinematic diagram of the horizontal tjpenondiricr 
cntial gcar-hobbing machine, model 5\C10 This machine can cons cniontlj 
iioh spline shafts and ssidc spur or helical pinions, integral ssitli their 
'Infts 

The indexing change gears i^ arc «ct up to cut a helical gear diflercntlj 
this hobber than in a differential liobber 

\s a rule, to set up the indexing change gears ii, one resolution of the 
sear blank is linked in llio cutting speed motion group (/fj/f-) with — 
4-363 
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revolutions of the hob, where z is the number of teeth on the gear being cut 
and k is the number of starts on the hob. , 

In nondifferential bobbing machines, rotation of the hob is linked with 
the summaled rotation of the gear blank, in which case the elemen- 

tary motion Hi belongs to the operativefecd motionF* {TzRi) providing helical 
teeth with a lead of P mm. Therefore, hob rotation must he linked through 
the inde.ving train with the sum (or difference) of the two elementary rotary 
motions Rz ± /?/. of the gear blank. 

Since the longitudinal feed s of the hob in a gear bobber is usually referred 

to one revolution of the gear blank, the holi must turn — revolutions during 
one gear blank revolution to obtain the tooth profile, and revolu- 

tions to obtain the required tooth helix, the hob being fed in the longitudi- 
nal direction by an amount exactly equal to .9. Consequently, the ratio 
of the indexing change gears is determined on the basis of the following 
basic displacements of the final members in the indexing train: 

1 revolution of the gear blank — revolutions of the hob 


The sign to be used depends upon the combination of the hands of the 
helical gear and the hob thread. 

Similar relationships can be derived for other types of machine tools as 
well. A number of differential gear-cutting machines are given in Fig. 23 
that can he replaced by nondiffcrenlial machines. 

It follows from the basic displacements given above that the shape of the 
surface being produced depends upon the rate of feed. Since change gears 
arranged within the internal constraints can only be set up with some approx- 
imation, due to complex setup formulas, it proves quite complicated 
to set up the kinematic chains of nondifferential bobbers. In some ca.ses, 
this may lead to additional errors in the shape of the mating surfaces being 
machined, this being one of the essential drawbacks of machine tools 
with a nondifferential structure. On the other hand, thc.se machines can 

operate with high kinematic accuracy, due to their higher torsional 
rigidity. ® 


Ihe indicated operational advantages and disadvantages of nondifferen- 
lia machine tools determine their limits of application. They are used 

ro, S i iTf.r'" conditions aro moinlained 

conslaiil mil iilicic llio use ol spocnl change gears cn.ahlcs mating surtacos 
of the required shape to he obtained. ° 


Machine tools svilli a clitlercntiiil structure can easily he changed over 
‘Tfvin ' ' ■ " 1™“ “"‘I prodncUon 



vM/atl 



DjITcrcntlal anJ nonJtffmatlal kinematic 
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A motion of the same spect] but in the opposite direction is imparted 
to the radial slide \\hon pinion 297* rolls around gear ^507 Thu« the radial 
«lidc receives the specified slow feed motion from the feed gearhot through 
the left hand differential (through its carr>ing arm) Hence the ui«tallalion 
of the second (left hand) differentnl is due wholl> to the accepted arrange- 
ment of the lathe in which rotating radial slides arc emplojed This leads 
to the automatic development of a hidden summation transmi'\sion in the 
drive of the radial slide's 

Cven though it has two differentials the kinematics of the lathe in this 
arrangement is simpler for machining heavy crankshafts than ft would he 
with other arrangements in which the crankshaft rotated The right hand 
differential enabling rapid traverse motions to ho engaged at nnj moment 
in operation could be replaced h> an overrunning clutch but the latter 
IS loss suitable in turning lieavj crankshafts due to its poorer performance 
under severe djnamic conditions 

The radial working feeds arc determined from tl c kinematic balance 
equation 

1 revolution of tfio faceplate x^x-|jX X 


X ^ X >= 77 X r y ^ f ^ ® 

Longitudinal displacements of the carnago arc calculated from the 
formula ^ ^ 50 3. 

1 revolution of the faceplate x -^X •^X i» X X -jy X 


xJrx4x-&x|ix4x^x^xf=<fxl2 = 


If the change in one of the motion parameters duo to pre ence of 0 hidden 
summation transmission is only slight and the motion produced is of a uni 
form nature there will be no need for eliminating the 5 upplcmcnlar> motion 
from the hidden transmission bj means of n special differential complicating 
the kinematic structure of the machine In this case it is bolter to take the 
supplementary motion into account in «cUing i 
in the internal constraint of the feed group 
in the kinematics of the spiral bevel gear g 
coi sidcrcd 


Spiral Bevel Gear Generator 

The Boncralor (Fig 20) is intended lor colling curt ed tooth betel gears 
op to HO mm in diameter ol a module from 0 5 to 1 5 ram and hat ing Irom 5 
to SO teeth The teeth arc cut ttilh too face mill tj pe cullers each carrjing 



72 


kinematic 


STRTJCTUnU OF MACHINE TOOLS 



Imk. 20, Kiricinalic diafri'am ot Iho spiral bevel gear generator, model KdlA (Klin- 
gcliibcrg (io., FHG) for culling curvod-loollj bovoi gears 

two circular tools (blades) with straight cutting edges. An anxiliary blade 
for machining the liottom land of the tooth spaces is mounled on the inner 
cutter. The tooth profile is produced by the generating method as in ail 
bevel gear culling machines in which the gear lilank, in its relative motion, 
rolls without slipping around a crown generating gear. The straight cutting 
edge of the blades represents one tooth of the imaginary crown gear. '!!’hc 
generaling motion {HiJh), which is the .slow feed motion, is produced 
by two co-ordinated elementary motions—cradlc rotation /?, and gear blank 
rotation ifo (big- 2%). 

'I'he leiigUiwiso form of the teeth depends npon the lengthwise form of the 
crown gear teeth which i.s a prolate epicycloid in this generator. Fig. 20ff 
shows the curves tor generating the convex and concave sides of the gear 
teeth. 

Upon roll of a circle of radius p,,,, belonging to the culler, around a circle 
of radins r,j,, blade J dcscrilios a prolate epicycloid on the crown gear (shown 
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at the top). The same is shown at the bottom for the conca^e <idc of the 
tectli wlucli IS cut ^\lth llic outer cutter. 

The roll motion of the cutters on the crown gear is the cutting motion 
Fg {BsHt) which IS accomplished in this generator hj co-ordurated rota- 
tion Ha ol the culler and rotation Ih of the gear blank (Fig. 2Gb) Ilcnct, 
two formaliNO motions (Halii) and F, (/fj/fj) are required to cut the 
gear teeth These motions are produced b> two complex kinematic groiip«. 
Tlie first of these, the cutting motion group Fg (/fj/f*) conM^ts of iiiternni 
and external kinematic constraints 

The internal constraint (Fig. 266) interconnects the cutter and gear blank 
through spur gearing ^ "Tj • ^ diflcrential, be\ol geinug 

X X ^ , indexing change gears ly and the gears , proiiding bhde 
displacement along the specified path (a prolate epicjcloid) 

Through the external constraint ^infinttel> variable drixeip and gear 
motion IS tran«mitlod from motor Mi to tbe inicrnal constraint llie 
variable speed V-boIt drive ip with two adjustable pullejs provides a steplc<s 
culler speed range from 100 to /|00 rpin 
The second kinematic group— the feed motion group— produces the goner 
aling motion /’, (/fj/f.) Its internal constraint connects the cradle to the 
gear blank through worm gearing profiling change gears f*. worm 

gearing-^ , difiorenlial bevel gearing, indexing change gears t^audgoar^-j^; 

Motion‘is transmuted from motor j1/i to the internal constraint tliroiigh 
vanahlo speed drive ip, bevel gearing worm gearing clutch f, 
and further through gears e*" and feed change gears I, 

The driven gear of thc«e change gears is the member tint connects the 
external and internal coii'-trainls Ilapid rotation of the cradle can lit ob- 


tained through gears and clnlth C, It is u^ed to «ct the cradle into tbe 

imlinl position The preceding constilntes the whole of the formative psrl 
of the generator The feed in group and other devices concerned with nnchine 
control arc not shown m the diagram 

In addition to the usual dincrcntinl with bevel gears z,, and the 
kinematic scheme al«o incorporates a luddon diflcrential mcclniinm Lpon 
roll of the cradle, gear Za. mounicd m the cradle rolN along gear z, who«c 
bearings are mounted in the ba«e this leads to suppiomcntnrj rotation /f, 
of the cutters To obtain a tooth of proper «lnpe. this supplemcntap rota ion 
must be taken into consideration in netting up the generator, and a motion 
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i?6 must be transmitted to the gear blank. This motion must be co-ordi- 
nated with motion R^ in the same proportion existing between the motions 

/?3 and i?4. , 

Motion Fj, (RsRi) will also accomplish the indexing process. Depending 
upon the radii Qu, and of the rolling circles, the cutter will either cut tooth 
after tooth, consecutively, or it will skip several (zj) teeth. The cutter shown 
in Fig. 26c skips two teeth each time (z^ == 2). In this generator Zf may vary 
from one to three teeth. Two sizes of cutters are used, the radius of the circle 
on which the inside blades are located being either 25 or 40 mm. 

To ensure proper mating of the concave and convex sides of the teeth 
on two gears of a pair and to obtain suitable tooth bearing, it is necessary 
that the inside and outside cutter blades rotate about different centres, 
Oi\and Do (Fig. 26a). Because of this, two cutters are employed in the given 
machine, and the cradle consists of several rotary components (Fig. 26c). 
Plate 6 can be turned about pivot 3 to shift the centre of rotation of the 
outside blades in reference to that of the inside blades. To set the cutters 
to the radius vector r = reference to the cradle centre, eccentric 

member 8 is turned about pin 9. It is also possible to turn housing 7 about 
shaft 1. These settings enable teeth of the required shape, with correct tooth 
bearing, to be cut. 

The procedure for setting up the kinematic chains of the spiral bevel 
gear grinder (Fig. 266), taking into consideration the hidden summation 
transmission, follows. 

I. Setting up the cutting motion kinematic group F„ (R^R^). 

(a) Indexing change gears i„ are used to set up the required path of motion 
First we determine the basic displacement of the final members of the 
kinematic calculation chain for indexing, and the kinematic balance. 
The basic displacements are 


1 revolution of the cutter -^-^revolutions of the gear blank 

2gb 

where Zj = number of teeth skipped in one revolution of the cutter 
Zgb = number of teeth to be cut. 

Ihc kinematic balance equation is 


1 X-^X 
‘0 

Hence 



^X-^X 

-14 2lC 


-17 

=18 



XiyX 


=21 

=22 



= (2) 

where c, is the ratio of the constant components in the indexing train 

Cj =0=7=5=3=14=16=18=20=7? 
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TJjo >aJucs Zi and mu<t not have anj common factors ns olIierv\J«c 
It will not be possible to cut the teeth on the gear b> the generator 
(b) The cutting speed motion is «el up by means ol the vnrnMe-«pced 
drive if We determine /*, 

The kinematic balance equation is 

>1,1. X 4*- X i X X ^ X -^ = n, 

-2 *4 -» *8 •!« 


where = speed of tlic electric motor, rpm 
He = speed of the cutler, rpm 

Cj = ratio of constant components in the cutting speed train 
II 5etfing up the feed motion kinematie group Ft 
(a) Change gears ig are u^ed to <ct up the required path of motion f. 
The basic displacements of the fiiinl members, in the kinematic calculntion 
chain for profiling the teeth, arc equal to 


1 revolution of the cradlc*-*^-^ revolutions of the gear blank 

A correction must be introduced in lhe«o displacement calculations to 
compensate for tlic Judden difTcrcntiaf drive During one revolution of the 
cradle, in the roll of gear r* about Cj the cutler makes 1 > 

X-£i « revolutions in reference to the cradle, while for Cj revolutions 
of the cutter the gear blank must turn Cj — revolution® 

•fb 

Therefore 

1 solution of tlio cradle— reiolulions of the gear binnk 

•sb ‘gb 


The kinematic balance equation is 




Honco 


( 3 ) 


where Cj and c* constant factor* 

(b) Setting up (he rate of feed motion 

Upon rotation of the cradle through the angle 0 , coinciding with the 
moments that the blades enter and leave the cutting zone, the teeth will 
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be completely cut in t seconds. The generator is set up to a specific cycle 
time by means of countergear ict and the feed change gears is- 
The basic displacements are 

6 

^ t rev of the electric motor — > rev of the cradle 


The kinematic balance equation is 




“1 


X ™ X ict X X ix X 
~28 


^'-‘24 

“23 


e 

360 


This equation is used to find is. 

These spiral bevel gear generators are employed in instrument manufacture. 
Their advantages over straight and other spiral bevel gear generators is in 
the continuous nature of the cutting process and in the small number of 
simple circular tools (blades) employed in the cutters. These machines 
find efficient application in both piece and mass bevel gear production. 

In certain gear generators of this type, the cradle operates with non- 
uniform rotation, and the elimination of motion from a hidden summation 
device by means of an appropriate kinematic setup is not feasible. In this 
case, a supplementary difiercntial is built into the machine as has been 
done in tlie model 5284 * gear generator for cutting curved-tooth bevel 
gears. 


4-5. Effect of the Shape and Size of the Cutting Tool 
on the Kinematic Structure of a Machine Tool 


The shape of the cutting tool also has a definite influence on the kinematic 
structure of a machine tool. Insofar as kinematics is concerned, of primary 
inlercsl in a cutting tool are those parameters that affect the number and 
type of operative motions of a machine tool and, consequently, its kinemat- 
ic structure. Such parameters include the configuration of the cutting edge, 
its functions (purpose), the number of cutting edges and their relative 
arrangement on the cutting tool. The other parameters, such as the cutting 
angles, material, construction, sharpening procedure, etc., although they 
aio of great importance in themselves, are concerned more with the cutting 
process as such and are not therefore to be treated in this section. 

The configuration of the cutting edge (culling profile) and its influence 
on the number and typo of operative motions were considered previously 


* Tlio 
detail in 
Masligiz, 


structural analysis and 
Kinematic Constraints 
Itiissinii cd., 1960, pp. 


Ectling-up procedure for this model are considered in 
d/ac/iiue 7’oots by A. Fedotyonok, 
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(‘=cc Fjg. 1). It uas Dslnblished thni, m this scn«c, there can he three pO'‘'«iL!c 
types of cuituiR edges the cutting profilo is n material line coinciding, in 
one case, and not coinciding, in the second, with the conllciiration and ctteiit 
of the lino being produced, or the prohlc fna> he a pointed edge in thefonn 
of n material cutting point In the fir«t of Ihc'ccases, the corn -jpoiiding 
mncliine tool requires the minimum number o! formative moiion's—one or 
two— wliife, in the other two cases, more formative motion's— two or three- 
arc required Ilonco, the kinematic structure of a machine tool ha'cd on the 
first caco IS always simpler than one ha«cd on the ‘'econd or third cnee since 
It has loss formatiNC kinematic groups It should he emphasized, however, 
that the culling tool required in the first case is more complex, as a rule, 
than that required in the third and even in (ho second cn«e 

The provision of groups of cutting edges on the cutting tool, each having 
Its own, separate purpose, such as shaping, jndeving and feed in, enables 
the available formative motions to be utilized for tiic«e processes instead 
of providing special operative motions Asa resnU, the number of kin- 
emnlic groups is reduced and the kinematic structure of the machine tool is 
simpler 

The number and relative arrangement of the cutting profiles on the tool 
Invoan influcnco on the kinematic «triicluro of a machine tool A single 
profile tool usually requires a greater numbir ol motions to produce a cer- 
tain surface than a multipfc-profile tool 

Examples in which the shape nnd size of the cutting tool nffect the opera- 
tive motion and, consoquentl>, the kincmilic structure of a machine tool, 


arc given in figs 27, 28 nnd 29 

Tigurc 27 illustrates motion diagrams m milling threads with an ordinnrj 
thread-milling cutler having annular threads (Fig 27a) and with one having 
helical threads (Fig 27b) the helicoid llircnd surface being produced in the 
latter case by the forming and tangent method Theoroticallv , this method 
requires two formative motions— culler rotation Fr and helical motion of 
the work ns in milling thread with a cutter having niinulnr threads 
(Fig 27a) la the cutter with annular tlire.ads the formed cutting edges, of 
a shape corresponding to the thread groove ,arc nrringed nnmi1.irl> around 
the circumference of the cutter Therefore upon cutler rotation, the goner 
ating profile has no siipplementar> axial displacement In a culler with lull- 
cal llircad (Fig 27b), the cuUing wrr^wged ww a \aUx Uawwg 

n pilch equal lo that of thetlmail lo be milled nolnlion of a cutter with 
this cutting edge arrangement leads to axial displ.acemeiil of the generiling 
profile, so that cutter rotation merges with the helical feed motion in thi« 
waj, a single cutting speed molion/o remains It is compO'od of interrelat- 
ed rotation of the cutter and work at the -ame angular ve!oca> ;yb - n. 
Hero cutter rotation is a combined motion and therefore one of the two 
formative motions can be eliminated 
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be completely cut in t seconds. The generator is set up to a specific cycle 
time by means of countergear id and the feed change gears is. 

The basic displacements are 

rev of the electric motor rev of the cradle 


60 


360 


The kinematic balance equation is 


X tLX-^X^XiciXisX i. 


60 


X 


iiSi 

253 


0 

'360 


This equation is used to find is. 

These spiral bevel gear generators are employed in instrument manufacture. 
Their advantages over straight and other spiral bevel gear generators is in 
the continuous nature of the cutting process and in the small number of 
simple circular tools (blades) employed in the cutters. These machines 
find efficient application in both piece and mass bevel gear production. 

In certain gear generators of this type, the cradle operates with non- 
uniform rotation, and the elimination of motion from a hidden summation 
device by means of an appropriate kinematic setup is not feasible. In this 
case, a supplementary differential is built into the machine as has been 
done in the model 5284 * gear generator for cutting curved-tooth bevel 
gears. 


4-5. Effect of the Shape and Size of the Cutting Tool 
on the Kinematic Structure of a Machine Tool 


The shape of the cutting tool also has a definite influence on the kinematic 
.structure of a machine tool. Insofar as kinematics is concerned, of primary 
interest in a cutting tool are those parameters that affect the number and 
type of operative motions of a machine tool and, consequently, its kinemat- 
ic structure. Such parameters include the configuration of the cutting edge, 
its functions (purpose), the number of cutting edges and their relative 
auangeracnt on the culling tool. The other parameters, such as the cutting 
angles, material, construction, sharpening pi'ocedure, etc., although they 
.ue of great importance in themselves, are concerned more with the cutting 
process as such and are not therefore to he treated in this section. 

10 configuration of the cutting edge (cutting profile) and its influence 
on the number and type of operative motions were considered previously 


* The 
detail ill 
Masligiz, 


stnictural analjsis and sotting-up procedure for this model 
hiricmaUc Constraints in Metal-Cufting Machine Tools bv 
Russian cd., 1960, pp. 241-247 ^ 


arc considered in 
A. Fedotyonok, 
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(see Fig 1) It was cstabli'^Iied that, in this scn^e, there can ho three po'^ible 
types of cutting edges the cutting profile is a material line coinciding, in 
one case, and not coinciding, in the ‘lecond, ivith the configuration and extent 
of the line being produced, or the profile maj be a pointed edge m the form 
of a material cvilling point In the firH of lhe«Dca«es, the corn •'ponding 
michinc tool requires tlic minimum number of formatiio motions — one or 
two — while, in the other two eases, more formntuc motions— two or three- 
are required Hence, the kincmilic structure of a inachine tool Insed on the 
first ease is always simpler than one based on the *10001111 or third ci'c since 
It has less formative kinematic groups It 4iould be emphasized, however, 
that the cutting tool required in the first ci«c is more complex, as a rule, 
tlnn that required in the third and even in the «ocond ca«c 

The provision of groups of culling edges on the culling tool, each having 
its own, separate purpose, such as slnpmg, indexing and feed in, einhlcs 
the available formative motions to he utilized for tiic«o processes instead 
of providing special operative motions Asa result, the number of kin- 
ematic groups 15 reduced and the kinematic siTuclure of the machine tool 1 ^ 
«unplor 

rlio number and relative arrangement of the culling profiles on the tool 
have an influence on the kinematic structure of a machine tool A single 
profile tool usually requires a greater luimher of motions to produce a cer- 
tain surface than a multiple-profile tool 

Examples in which the shape and size of the cutting tool afiocl the opera 
live motion and, consequently, the Kinematic structure of a machine tool, 
are given in Figs 27, 28 and 29 

Figure 27 illustrates motion diagrams in milling threads with an ordinary 
thread-milling cutter having annular threads (Fig 27a) and witli one having 
helical threads (Fig 276), the helicoid thread surface being produced in the 
latter case by the forming and tangent method Thcoreticall> , this method 
requires two formative motions — cutter rotation Fp and helical motion of 
the work F,, as in milling thread with a cutter having annular threads 
(I ig 27a) In the cutler w ilh annular threads, the formed culling edges, of 
a shape corresponding to the thread groove are arranged annuhrlb around 
the circumference of the cutler riicrclorc, upon cutler rotation, the goner 
ating profile has no supplementary axial displacement In a cutter with heli- 
cal lliroad (Fig 276), the cutting edges arc arranged on a helix having 
spite’ll equal to that of thethieaii to V^-swvU^ ttotwtvwwwl w -cwtteT wvUv 
this cutting edge arr.aiigomcnt leads to axial displacement of the generating 
profile, so that cutter rotation merges with the lielic.al feed motion In this 
"aj, a single cutting speed motion /*„ remains It is composed of mterrolat 
ed rotation of the cutter and work at the sime angular vclocili tigt, - 
Here cutter rotation is a combined motion and therefore one of the two 
formative motions can he eliminated 
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Fig. 28. E.\<unples in which Ihc shape and size of the cutting tool affect the operative 

motions in gear culling 






< 5 EFFECT OF THE CCTTINQ TOOL ON THE KlNEMATIf STHLCTUIIE “fl 

Narrov, face spur gcirs cm le gcncnicd wiili a cjluidrin! rack tjpe 
milling culler (Fig 28a) ha\ing in annulir llircid under tJie condilion 
thal l^\o formalnc motions are proMdod cutter rotation Ff md rolling 
of the gear blank along the cutter / « The «idc 'urfice** of the gcir tooth arc 
obtained by the tracit g and generating method and not b> the tmgenl and 
generating method 'ince there is no tangentnl motion of the cultir (the 
motion shown by a di«li line and arrow m I ig 2Sa) The tooth depth is not 
uniform oaer the face width of the gear the loltom of the tooth space is 
slightly concave along a circular arc and not straight a« it would be if 
a tangential motion were pro\idcd If under the 'ame conditions the same 
gear is cut with an ordinnr\ gear hob ha\ing a helical thread (1 ig 286) 
hoh rotation Fg merges with the rolling motion / , of the 1 lank and cnl> one 
formative motion F„ remains (Fig 286) This motion is composed of inter 
related rotation of the hob md blank Thus a single form'itive motion F^ 
IS substituted for the two motions Fp and /, 

Tlic same occurs when a worm wheel is cut with a single loolli fly cutting 
hob (fly cutter) or with a gear hob (Fig 28c and d) In the latter 
case (Fig 28ci) a single motion Ft composed of two interrelated rotary 
motions of the hob and gear blank shapes the tooth along the face width 
and tooth profile providing simultaneously for continuous iiidcving The 
gear teeth arc machined by the tracing and generating method On the 
other hand two motions are required to cut the worm wheel with a fly cutter 
whoso culling edges represent one tooth of the hoh (I ig 2'^c) The «hapo of 
the tooth along the face width of the worm wheel is produced and the index 
mg process is accomplished by motion (rotation of the cutter co or(linnl(d 
with rotation of the llnnk) while the rolling motion (rolling motion of 
the blank along the fly cutter) shapes the tooth profile 

There arc no combined formative motions m this case and therefore 
the actual number of formative motions coincides with the theoretical 
number 

Cutting a helical gear with a rack type shaping culler (big 28c and /) 
IS a somewhat different matter In cutting the teeth by the tracing and 
generating method (I ig 28c) two motions arc required the helical motion 
of the gear Hank /, which produces the helix along the face width of the 
gear and the rolling motion F, of the blank along the cutter to obtain the 
tooth profile In this case each motion produces one geometrical gcnoratuig 
line 

If however the cutter travels in a direction inclined to tlie work axis 
(at the angle ^ Fig 28/) the tooth helix will 1 o produced 1 v the tangent 
method in which the required helix is tangent to a series of straight lines 
produced in turn Iv the rociprocxtmg motion fp of the nek typo cutter 
This method no\erlh(le«s requires two motions tliesccoid 1 cir g the roll 
mg motion / , of the 1 lank along the culler Tins eccond motion t1«o gencr 
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nlos Iho loolli prolilo. Thus, it is Iho (Muuhintni ionuiviivu inoliom lU'uco, 
Iho taufonl ami Koiu'i'atiui? luonioa ihooi'Olicaiiy voquivos ihvuu (oviuivlivu 
uuhinus'hut, t\A\u \u u cuiuiuuallou of U\o sUuviu}!: qvoccssos iu which luUh 
iU'umctvicai qom'i'nllu}!; lines arc pi'inlucctl by a siuqh' motion, only two 
lormalivc mol ions arc aohially noci'ssary. 

The sanu' iyi)0 of comhintal formal ivo process is o])serve(l in cnMiiifj 
11 helieal imar’with a rolary j<'ear-sha])inq culler (Fiq. ami //). The same 
motions are shown in holh of Ihesi' iliaj(rams', helical motion i'’,, and the 
volliipr motion of the blank about the cutter. The two diagrams differ 
in that the helical u\o|ion in is accotuplished by the pear blai\k, 

and the side surfaces of the teeth are produced by Ihe Iracinp atid penerat- 
inp mc'thod. In h'ip. 2 S/i, this ludical inolimi is accomplished by the cul- 
ler, and the helix ahmp Ihe tooth lenplh is produced by the lanpeni and 
net tin' Iracinp method. The lanpenl method reiinires two formative niolions 
and /'%, and the tooth helix is lanipmt In the peomelrical helixe.s pro- 
dneed by the helical motion of the cutler. Motion h\ is a combined motion as 
it also produces the tooth t'rofile. 

A sinple motion can accomtdish and con\hiue not only formativd proc- 
evst's, hut indexinp processes as well. M'lms, in enttinp a spur pear with a 
^•hort rack-type shapinp ctilter (I'hp. Ulln), in addition to Ihe two formative 
motions, an indexinp' n\otioi\ liitl (Idattk rotation) is also reqtiiretl. If t» cutter 
of a lenplh equal to or lonpi'r that» the perimeter of the pear blank i.s \ised 
tl'ip. then the imlexittp motion huJ becomes \n\necessary. The rollittp 
motion l'\ provides for both the protilinp of the teeth and indexinp. 

It follows from Ihe precedinp that Ihe kinematic structure of a machine 


tool can he more simple or tuore c(unplicaled deiu'udittp upott the .shape and 
^i/e of the eultinp Imd, since this tnay dictate the number a>ul types of 
operative motions that are required. The simplest kinematic sirtu'.lure, 
howevev, is not the one to he preferred in all cases. The relation.ship betwem» 
the cuttinp tool and the machine tool is such that the simpler the kinemat- 
ic structuri' of Ihe machint' tool, the more emuplex ami expensive is the 
cuttinp tool, not to mention the influence of other vital factors .such as the 
uHiniu'd actmiu'y, output, mannfacinrinp costs, etc. Hence, the ei\pineerit\p 
and economic aspects of this ((ueslioii must he carefully analy.sed itt each 
tuu'tu-utav case. The sncceedinp chaplersid' this part deal with 'the concrete 
*Mqdn'atton of the methods piven above for analy.siup the kinematic 
sirucinre-i and for sellinp up the kinematic chains of existiimmachine- 


t’he m'ueral method of kinematic structure analysis for machine tools 
a m whi u tlml'^I kitu'inalics in 



CHAPTER 5 


ANALYSIS or lui: MxnMA'iiG scm:\!ns 
or MACHiXK loors having mkchamcag 

KINEMATIC CONS'IIIAINTS 


This cbapicr dcal« with tin* annK'is of machine tool*: wIiO'C hincnintic 
schemes mo«t elenrh illu‘-lnle tin ihooreticnl proposition's coiiccniini: the 

kinematic structure of metal cullinR inncliiiie tool* 

Machine tools with clcmcnlar\ kiiicni.itic structures, classes Lll. L_- 
and E33, consistuig of oiilj simple kiiitinatic groups that produce simpU 
(rectilinear or rotarj) operative motions lu shaping surface-, are not to he 
treated hero since Part One (Vol 1) i* lUvoted to pener.al purpose machine 
tools, consisting of simple formative kimmalic group* 


5-1. Kinomahe Slruclure of Thread-Making Mochincs 

llelhodt of Miking Threadi 

Tlic kinematic «lruclurc ot llirciil-inal.irw nnclnnts miM to„=v«t nl kine- 
matic sroiins ncoMiUiig opcratiic inolioii^ tint prncliicc a lirliv It lie nr- 
“c I, CUB produced n tim trace nl.taiiie,l in llie reht.ie ino inii ol tl.e ci.l- 
nc S Sj ra.iisle compicc lici.eal motion n re,|liireil H.llS tlir ad 
ir^iil' r'l'iiBle ponit tl, reading loo. (I'lB dOu), t irpdliiB di, nr lap 
(Fiff 30b) with a single helical operative motion 

''^lieTilmruV^atri.c^.i.reotmacliiue.o^ 

poll, I llircadliis loot or a tap (I i, die ^ 

croup producine a lielical motion Fr («i -I , | .l|„, 

1,1 rclalioi, to tlio uork (or '"rjkioii "t uork'ipim^ tl.e Arriac’ 

the internal k.neraalic iliiici- i.. and tl.e drive 

comprises the tliieadinc ttfJJ ''J' ' ilie riBiiircd riillinc -peed 

cear Irani with "i; ‘ f, ", f Vent ,.i a tapp.nc machine (1 ic 311,). 

The thre.adinK gear train laniiallj „p„„iM 

the imcrnal coi.atr.ii.il tor prodoc 

reilired hv the tool il-oli ’"’"Sennit lo Ihi pitch ol the Hire id home 
.irrinsed on .a helia with a 1"'“' ,Vverit- whole -nrlin. Ihe lip .and 
tapped, and the work >■"' ' ,r prov.d.nc tor 1, elicit .notion I AltJA 
:.^t".ap 'cmVq'loMb . tlie nncL In- » -"P'o k.nem.alic cron,, in-.ead 
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MACHINE TOOLS HAVING MECHANICAL KINEMATIC CONSTRAINTS 



Fig. 30. Motions of the operative members in thread-making machines ( 1 — work; 

2— cutting tool): 

CuttinR thread with; (o) single-point threading tool; (&) tap; (c) single-thread milling cutter; (d) mul- 
tiph dth annular threads; (e) rotary tool head with threading tools; (/) heli- 
cal cutter; (g) rotary cutter in generating a straight worm; (ft) rotary cutter 

in generating a globoid (Hindley) worm 


of a complex one. Tims, no setting-up is required to the pitch of thread to 
be cut; only setting-up device i„ remains to obtain the required cutting 
speed. No feed motion is available in such machine tools (having a single 
formative operative motion). 

A helical surface can also he pi’oduced as one tangent to a series of auxil- 
iary surfaces which are produced, in turn, by a separate rotary motion 
(^ 3 ) 0 ^ the cutting tool (see Fig. 30c, d and c). The auxiliary surfaces are 
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machine tools having mechanical kinematic constraints 


positioned in reference to the work by the helical motion Fs {RiT«) of the 
work and tool. The motion {R^) provides the required cutting speed, while 
motion Fs (i?iTo) provides the feed. The same principle is employed in 
cutting threads “with a single-thread milling cutter (Fig. 30c), multiple- 
thread milling cutter with annular threads (Fig. SOd), rotary tool head 
enveloping the work (Fig. 30e) and grinding wheels. In all of these cases, 
the kinematic structure of the machine consists of two kinematic groups: 
a complex group set up by the setting-up devices and is, and a simple 
group with the setting-up device (Fig. 31c). 

If a helical (hob-type) thread-milling cutter is used in which the tooth 
profile, pitch and length of thread are the same as the profile, pitch and 
length of thread to be cut, the method of producing the helical surface 
remains, hut the structure of the machine must be altered. The rotation 
of a helical thread-milling cutter (Fig. 30/) leads to movement of the cut- 
ting edge in reference to the work along the cutter axis (corresponding to 
the elementary motion To in the preceding methods). The velocity of this 
motion must be co-ordinated with work rotation R^ to obtain a thread of 
the specified pitch. To accomplish this, the machine must have an internal 
constraint between the work spindle and the cutter spindle (Fig. 31<^) so 
as to produce the helical operative motion of the cutter edge. Here, two 
motions, one complex Fs (RiFo) and the other simple {R 3 ), have been 
replaced by a single complex motion F„ {RiRs). Therefore, this machine 
possesses only a single complex kinematic group. 

The internal constraint must provide for the following basic displace- 
ment; 

1 revolution of the work— mm longitudinal travel of the cutting edge 

Since the pitch of the cutter and that of the work are equal, the cutting 
edge must be displaced by one pilch per revolution of the cutter, i.e. the cut- 
ter must also make one revolution during one revolution of the work. No 
.‘^ctting-up device for the thread pitch (for the path of the helical motion) 
exists in the internal constraints. The machine is set up to llie required 
cutting speed by means of setting-up device in the drive gear train. 
A machine tool based on this structure has no device for setting up the rate of 
feed. The number of auxiliary surfaces, to which the helical surface being 
produced is tangent in a length equal to one pitch, is equal to the number 
of teeth on the cutter. This is, of course, insufficient and therefore a slow 
helical motion Fs (ToR,,) is added to the main motion F„ (RiRs). The num- 
ber of auxiliary surfaces and, consequently, the finish of the surface beiim 
produced, are controlled by means of the added motion. 

The structure of a machine tool of this type (Fig. 31<?) consists of two 
complex kinematic gioups, coiiiiecled by a summation device and producing 
the motion {EiR^) set np by device and the motion F, (ToR,,) with 
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the up deMc^ and i. The la^c d> pAactmenl for up 

I re\Dlulion of the -work—^P mia locgHudiiial travel of the culler 


where P i the pilch of the thread to be cut , , j _ 

In addition to the methods previou-Iy mentioned, worm and lead 'creT' 
are ometime' cut bj the generating method 
To obtain the thread proble of a inullipIe-<l3Ff rrorta bv the generating 
method it i" nece' arj to have a Totar\ cutter tn the fonn of a toothed 
wTih a tooth profile uhich in generation i« conjugate to the profile of the 
thread on the norm being cut (Fig 3t^?) Thi eear-^haped cutte^ mu-t rml 
without “Upping along the worm being cni If tbe Dumber of teeth of the 
roiarv cutler i denoted bv z and the nembe^ of “tart- and module of the 
worm 1 eing cut b\ I and m re-pecti\elj then to obtain the rofUng motion 
U 1 nece' arv for the cutter to make revolntion' a« it travel-* lenslhivi e 


O'er the di lance L To extend tbe profile of the worm over tbe whole helical 
surface a helical operative motion mo t be imparted to tbe cutting edge 
in addition to the pteMou-W mentioned motion In ie~p“Tt to tbe «econd 
motion the rotarv culttr tnu_t travel longitudinally a distance equal to the 
thread pitch P = / vn during the time the wo*k make* one foil rcvolulicn 

Hence to cut the thread of a worm with a rotarv cutter the machine 
mu t have two complex motion each of which i produced by two ele- 
mentary moiioo one rotarv and the other TectOmear In the actual cut 
ling prace* one of tbe-e motion' provide' the cutting «peed and the other 
p'oiide' the feed If two «uch complex motion are combined the produciton 
capacitv of lhi« machining method will not be verv high “ince a large number 
of pa O' will be required to cut the worm Tbi< can be avoided bv replac- 
in'’ either of the emotion- bv another al o complex motion but one com- 
p^ed of two elementarv rotary motion Then thu motion wiU produce 
the cutting action remaining continaou.lv within tbe limit- of the work 
length 

Let u replace the fir-t motion— the rolling motion of the rotary cutter 
Ihe component motion are defined bv tbe following bauc displacement- 


innloi.tUBdmallraveloIthccuIttr o! Ao cmvtr 


Tlcn .mco loMUudinal travel ol the cotter our the d.vloBce L na 
corre-perd- to rotation ol the ,orra blank through ^ revolot.on, tte 
can write 

i^tcTolution. oi the nork^^ rtvolonon. of th» cutter 
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nositioned in reference to the work by the helical motion Fg {FiTn) of the 
work and tool. The motion F,, (H 3 ) provides the required cutting speed, while 
motion /'.(/?, 7' o) provides the feed. The same principle is employed in 
culling threads witli a single-thread milling cutter {big. uOc), multiple- 
thread milling culler with annular threads (Fig. 30d), rotary tool head 
enveloping the work (Fig. 30e) and grinding wheels. In all of these cases, 
the kinematic structure of the machine consists of two kinematic groups: , 
a comple.x group set up by the setting-up devices ix and ig, and a simple 
group with the setting-up device i„ (Fig. 31c). 

If a helical (hob-type) thread-milling cutter is u.sed in which the tooth 
profile, pitch and length of thread are the .same as the profile, pitch and 
lenglh of thread to bo cut, the method of producing the helical surface 
remains, Imt the structure of the machine must be altered. The rotation 
of a helical thread-milling cutter (Fig. 30/) leads to movement of the cut- 
ting edge in reference to the work along the cutler axis (corresponding to 
llie elementary motion T, in the preceding methods). The velocity of this 
motion must lie co-ordinated with work rotation J{y to obtain a thread of 
the .specified pitch. To accomplish this, the machine must have an internal 
con''iraint between the work spindle and the cutler spindle (Fig. 31cf) so 
i\< to produce the helical operative motion of the cutter edge. Here, Uvo 
mol ions, one complex /'% {Ri7\) and the other simple F^ {R 3 ), have been 
replaced by a single complex motion (HyR^). Therefore, this machine 
p„sses^e.s only a single complex kinematic group. 

The internal constraint must provide for the following basic displace- 
ment ; 


1 revolution of the work— >P mm longitudinal travel of the cutting edge 

Since the pilch of the cutter and that of the work arc equal, the cutting 
edge muKi he displaced hy one pilch per revolution of the cutler, i.c. the cut- 
ter mii'-i also make one revolution during one revolution of the work. No 
M'ltingMii) device for the thread pitch (for the path of the helical motion) 
e\i'-t'- in the internal constraints. The machine is set up to the required 
culling speed by means of setting-up device in the drive gear train. 
A machine tool liased on this structure has no device for .setting up the rate of 
feed, the number of auxiliary surfaces, to which the helical .surface being 
jirodnced is tangent in a length eciual to one pilch, is equal to the number 
of teeth on the cutler. This is, of cour.se, insufficient and therefore a slow 
helical motion f „ [Tnlh,) is added to the main motion F„ (RyRa). 7’he num- 
ber of auxiliary surfaces and, con.soquenlly, the finish of Ihe .surface being 
produced, are controlled hy means of the added motion 
The structure of a machine tool of this type (Fig. 31c) consisl.s of iw-o 
conqde.xkinenuitic groups, connected hy a summation device and producing 
Ihe motion {RyR^) set up by device and the motion Fg {TJi,) with 
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tliO scltuig-up doMcos ly ami i,, llie la'^ic ili-pl.ictnu iit for ‘■cllitig up ij is 
1 rCAolution of the \\qtV~-*P mm longiludiml lra\tl of th« culler 

where P IS the pitch of llic tlircnd to he cut 

In addition to the melhods prCMOiislj mentioned, woinis .‘ind Icid sertw" 
are somtlimcs cut h> the generating method 
To obtain the thread profile of a multiple «tart worm h> llit goiurating 
method, it is neco'-’^arj to lia\e a rolar\ cutter in tlie form of a toothed gnr 
with a tooth profile which in generation is conjugate to the profile of the 
thread on the worm hoing cn! (J'jg 30g) iJiis gear «)nped cuiJer luml roll 
without slipping along the worm heing ciil If tht iinmhir of teeth of the 
rotary cutter is denoted hj z and the number of starts and nioiiiile of the 
worm being cut bj k and m, reaped i\ el j, then to obtain the rolling mnlion 
it IS ncco«sar> for the cutter to nnke^— re\o!ulions as it lrn\tls leiiglliwi-e 
o\ei the distance Z. 'lo cvleiid the profile of the wo: in oNcr the whole helical 
surface, a helical operatuo motion mu«t he imparled to the cutting idgt 
III addilum to the prcMou>l> luenlioiied motion fit ri'*|)cit to the second 
motion, the rotarj cutter must tra\el longitudinally a distance irjinl to the 
thread pitch P = ATm during tlic time the work ntiikes one full rc\olulioti 
Hence, to cut the thread of a worm with a rotnr\ cmitr. the ninchmo 
must liaNC two comjiIc\ moliote^, each of which is prodncid hj two ele- 
mentary motions, one rotary and the other rectilinear. In the actual cut- 
ting process, one of thc«G motions provides the cutting «)Hcd and the other 
provides the feed If two such complov motions are comhined, the production 
capacity of this machining method will not he very high «incen large numhir 
of passes will ho required to cut the worm This can be avoided by replac- 
ing either of thc«e motions by another, .al«o complex, motion, hut one com- 
po-'cd of two elementary rotary motions Then, this motion will produce 
the cutting action, remaining conlimiou'ly within the limits of the work 
length 

Let IIS replace the first motion— the rolling motion of the rotary cutter. 
The component motions arc defined l»y the following Insjc displacements 

i mm lotiE.UiilinaUraNoIoUhe culler rtrolulions of tlic cutler 

Then, since longitudinal travel of the cutter over the distance L mrn 
corresponds to rotation of the worm blank through revolutions, we 

can write 

■——revolutions of the work— revolutions of ihi cutter 




I'i^. 32. Kineiuatic, arrangements of ihrcad'jnakiag machines having a correction bar: 

(a) tor ‘^cllint: \ip to ttic ttiroatl pitch; (b) tor correcting the tUrcah pitch errors; (c) lor setting np to 
the threail pitch (construction); (rf) and (c) for setting up to the thread pitch and for correcting pitch 

errors 

Tito value P' i.s selected near to the required pilcli P and allowing change 
g(*ar.« i_v to he easily calculated, so that the setting angle | of the correction 
bar will be .small. 

lUustratcd in Fig. 32b is a machine having a correction bar which elim- 
inate.s kinematic errors that occur in the tliread-cutting gear train. The 
efi'ective surface of the bar is of a shape (u.sually curvilinear) leading 
to nut rotation tlirough small fractions of a revolution, if for some 
reason the nut i.‘i traversed during one revolution of the work over a distance 
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longer or shorter Ibnn the jutch of llio ihrcnd to ho cut The hnr «« linhorl to tl 
lc;i<N<cre« nut througfj o rigid ie\cr Ihis nrrflngciiunt urld-* hollir ro'iil 
than the arrangement with a rack aiul-jiimoii drnt of Hg 32a, sinn tl 
latter IS subject to linckla‘:h llio arrangement with a rigid lever i« emplovf 
in practice One conctruction of a nut, tiinicd Ii> a rigid lovtr uJuch 
actuated by a correction bar set at an angle, con be «ern in Tig 32t 11 ir 
IS «ct to the required angle bj means of two micromclrir screws with h( id« . 
A spring-loaded device liolds the lever, rigidl.v secured to the mil, ronlii 
uouslj against the correction Inr The lever contacts the liar through n hin 
eiied steel hall 

Attempts have heen made to ciinunate kincmaljc errors in the (hr< 
cutting gear tram and to ohfain more accurate sciting-up facililio- hv ih 
provision of two correction Inrs J and J (I'lg. or a single corrirtio 
bar With a curv ilincar contour (1 ig 32c) Ni ilbcr arrangement ln« worked i 
practice As a fact, additionil errors are introduced b> hiving two mil 
turned hj the bars m the first arrangemint. and the ncriirac) of (he who! 
sjsieni ma> oven ho lowered When the har in the «erond arrangtinenl j 
set at an angle, the position of its contour is alurrd so that it can no longr 
effectively cUrnitinlo tlic kinenntic errors of the gcir tram Ilitrifnri 
Systems with a single correction bar are mo-l friqiirntlj einplovid Jh 
purpose of ibis bar is either to eliminate kiiiomlic error- or to *it up th 
inncliino more nccuratclj to (lie pitch of the thread hciiig cut In llu hilt 
ca«o, the bar serves as a suppleincntarj 'Olliiig up device to ohlain tb 
required path of the formative motion Moreover, sjetcins wub a smgl 
correction bar arc simpler than others from llie mamilactuniig j>oiiii t 
view 

A kinematic indexing group is introduced into the kmennln sjrnctiir 
of macbiuc'' deNigncd to cut multiple-start threads Ihi® does not .i{ij)l\ I 
machines UMiig a rotarj culler (thread gcnrrnlor-) in which the imlexin 
process is accomplished h> the forrnattvo motion The mdeting molioi 
maj he cither rotarj or rtctilinoar deptiidiiig upon the mtniher involvid — 
the work spindle or the carnage 

The corresponding Kasjc di*-plnremeul'' of the Final menibor- of the iiniix 
mg gear tram are 

moli.lions .il till iiiilii plili- "r t'''"'"''™' "<■ 'f'*' 
or 

r>,M moliitioiis o( tlif iiiiK^ pl.U --f """ "" 

cirrnge 

whiro k — number tif st irl- of ihri id to bi < tU 
l> „ of the lliroad l«» In cut 


■ . '/''C''; (6) ror . "'‘''‘'W , 
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longer or “liorler tinn Ibc pitcli of tlic thread lo be cut Tbo bins linked fo the 
leid «cre\\ nut tbrougb a rjgid le\cr This irnngemcnl Mcld^ letter rc«ulls 
thin tbc irnngemont i\ith a rack and pinion drne of Fig 32a 'nice the 
litter IS subject to bickla«h Tbe arrangement ivith i rigid lc\cr i« omplojcd 
in pnctice One construction of *i nut turned bj a rigid lc\cr ubicb i<; 
ictinted bj i correction bir ^el at in ingle, cm be ^cen in I ig 32c Hir J 
IS <ot lo the required angle bj meins of two micrometric iMtb beid« J 

\ spring loided dCMce bolds tbe Ie\er rigidl} secured to the nut conlin 
iiou Ij agiinst the correction bir The le\er contict** the Inr tbrougb i bird 
cued «lcel bill 

\ltempts bi>e been nude to eliminitc kinematic error® in tbe fbreid 
cutting gcir trim ind to obtiiii more accuntc «etting up ficilitic b\ tbe 
pro\i«ion of t«o correction birs J ind 3 (Fig 32d) or i 'ingle correction 
bir with 1 curMliiicir contour (big 32c) \eillier irnngcment In® i\orkcd in 
pnctice As i fict idditioml error® ire introduced b\ ln\ing two nut*' 
turned bj tbe bir® in tbc fir«t irnngemenl ind the accunc> of tbe whole 
sj'tcm mil c'cn I'O lowered When the bir in tbe *ecoiid irringenieiil i« 
®ct at in ingle tbe position of it« contour is iltercd «o tint it cm no longer 
eflcctiNclj eliminate the kincnntic errors of the geir trim Therefore 
sjsteins with a ®inglc correction bir ire mo«t frequentlj emplo\cd Tbe 
purpose of this bir is cither to climinitc kinematic er^o^^ or to 'ct up tbc 
imcliino more icciiratoli to tlie pilch of the tbrcid being cut In tbe litlir 
ci'c the bir 'ones is i supplcmcntir> «elting up dc\icc to obtain tbe 
required pitli of tlie formittse motion Moreover «i<lem« with i ®iiigle 
correction bir ire simpler tlnn others from tbe mmuficturing point of 

MOW 

V kinemilic indexing group is introduced into tbo kinennlic structure 
of micluncs dc igiicd to cut mitIliplo-®lirl tbrcid' Tbi« does not ipplj to 
rmcbiiics U'lng i rotirj cutter (tbrcid gci entor®) in which the indexing 
process is iccompli'hed b> tbe formitixc motion Tbe indexing motion 
mi> be either rotirj or rcctihneir depending upon the nieniler involved— 
the work 'puidle or the cirrngc 

The corresponding basic dieplicemcnt® of the fiml nicml cr® of the index 
ing gcir trim ire 

n revolutions of tbe index plitc— revolution of llio work 
or 

iind revolutions of the inikx pHte— mm longitudunl tnvtl tf lit 
cirrnge 

vvlicre K number of •*tirl of tbrcid to Ic cut 
P Icid of the tbrcid to le cut 
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rurlhcr motion from this momher A^ill ho through the inlcrm! con«tnint 
to the l 3 hle ^nd %\orkpicco 

TIio helical feed motion is a coroplev motion with an open path It must 
he *=01 lip to all fi\c parameter« to the path hj means of the pitch change 
gears ig to the aelocitj hj the feed change gear® i, and feed gearl o\ ig to 
the direction bj the reacr'ing mochanicm /{ and to the patli length and 
initial point I)> <logs arranged on the (ahle and actuating the Iixdrauhc 
controls of the grinder The indexing motion group /nd (Jit) ic simple in 
strticlure 

The kinematic pair who'C element* are the work spindle and the work 
head housing constitutes the internal constraint of tins group It* external 
constraint pa^cs from the same motor to the work spindle and then from 
mcmlicr 217 to di*] J in indexing clutch C, The indexing and feed groups 
.arc interconnected in 'cries Clutch Ct diccngage* the thread cutting gear 
tram and then with the work table 'talionarj, di*k 1 of the indexing clutch 
makes four rexohilions After this locking member 3 1 * extended to engage 
di«k 2 The indexing change gears t„ arranged between disk / and the worj 
are 'ct up to tlic number of «tarl<» on the worm being ground The whcelhead 
IS sol in the radial direction h> hand u«uig Mop b whicli is pre«rt to the 
required a aluo 1 0 drc's the grinding wheel tlie wheelhead is fed ni radnll> 
h> an uiionnl eijinl to the wheel wear h> a «crow with a pilch t. 


Semlautomallc Thread Milling Machine, Model 6M5E62 

This machine i« intended for milling «liorl threads of a diameter up to 
100 mm with a multiple thread cutter The width of the cutter must he 
equal to or exceed the length of the thread to he milled The structure of 
this machine (Fig 3)) consists of two formatixc kinematic groups /p (/?,) 
and r,{lUTi) Iho cutting motion group /r(/?i) is of simple structure 
With speed change gear* and an electrical changi o\er suitch for re\ers 
ing cutter rotation 

Ihe feed tnolion gniip f, (H.Ta) i* of complex structure it has one inter 
ml kinemalic chain and a drixe gear train The internal tram jv nrrnnged 
letwocn the worl spindle and cam drum / \ helical cun mnnnted on tlit 

drum sots up th\ miller to llie pilcli of the thread to le cut Motion m llie 
mlccwal train i* tvxwcrrd from motor U. atul i* Iranstmllcd lliccmt.h feed 

change gears i, to worm gearing and furtlitr tlironth tlie hoii«mg of 
the differential and planet gears the lower central hr\el gear and worm 
gearing to the worl spindle Motor Uj jower^tlu anxiliari motion 
The radial food in motion group FJ (7*) 1 simple powered 1 > motor \f. it 
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1 ii; i)' Kiiti'iii.itic (liiiL'i'iun of the seinhnilomnlic lioh Bharpeoiiig innchine, inode! 'dAO^'i 

(strnclure class K2H) 


nicK iftlaics a nick pinion. Tlio latter, Ihrongli locking inemhor and imloK 
plate, lotate^ (he work spindle.' Tlio motion (7'„/?^) i.s .sel np to tho ro- 
iiniied patli hy setting (lie bar to the corresponding angle «; to the roqnircHl 
piith lengtli hy setting dogs on (he table; and to the velocity and diroclion 
hy m.iKing tiie necesstiry adjustment.s on the hydraulic control panel (not 
'-lioun III tlie diagram). 

Till' ;m/(-.ring motion (troup 1ml {Ih.) is of simple struclnro. It con.si.sls of 
a kinem.Uic jmir, whose elometU.s are iho work head and work .spindle, and 
the dn\e train iron) the motor. It, i.s evident from Iho diagram that the 
wnik '-piiidle pari iri pal e.s in both Iho formative and indexing motions. 
'1 lieiefme. tiie work .spindle belongs to two kinematic groups. These groups 
are inleiconnecifi) )iy the eoji.socutive indc.ving method, in which (he form- 
ali\e train is disengaged when the locking member, controlled hy sole- 
noid. Sd. IS ret ra fled from I he .slot of the index plate. At this, (he work .spindle 
is loiatei! from motor M„, ihm rotation being independent of table travel. 

.\.s to Us path length parameter, Die indexing motion is .set nt) to (lie 
numiu-r of teeth on the hob to he ground hy means of intcrchangeahlo index 
plates, the oilier parametens of (his motion are comstant. 
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The kinematic group for the feed-in motion FI {Its) >s al«=o vjmplc in struc- 
ture It consists of the kinematic pair— the uork «pin(lle and the uork 
head— and a separate drnc from solenoid Motion is transmitted from 
the solenoid through a rocker arm and a ratcliet inechaniem (lOOf) to 
a feed «crc\\ uhich mo\es the base of the bar Motion is transmitted further 
llirougli tlie slide block with the rack teeth to the work spindle The feed in 
group FI {H^ IS interconnected in parallel with the formalise group 
/*(7./f3), the work spindle participating siniultaneou«I> in helical and 
rolarj motions As pointed out pre\iouslj, this method of group inter- 
coimcction requires a summation mechanism the {orroali\e group The 
base of the bar, in our case, acts as the summation dc\ico fn its motion, it 
imparts a supplomentarj displacement to the slide block and work spmdle 
The fced-in motion is sot np to the pith length parameter by adjusting the 
ratchet pawl to engage one, two or three teeth upon each stroke of sole- 
noid Sdi 'I he other parameters are constant 
The fecd-in motion is periodic It must set the work (hoh) to a now depth 
of cut after 2 full strokes (hack and forth) of the table 
Ibe kinematic chains of the grinder arc «ol up by sotting the bar to tbe 
icquirod angle a The basic displacements and the kinematic balance 
equation for the hob lead tram are 

1 re\olution of the bob— inm of longiludmil tra\el of the hob 


where P is the lead of the bchcal flutes on the bob being sharpened, 
liio kiiiimatic Inlancc cquilion is 


The setup formula is 


1 


X 


tin a 


tana = 


76i 


5-2. Kinematic Structure of Relieving Machines 

Relieving Melhodi 

The relict cd surface behind the cutting edge of a hob tooth is a belicil 
'urhee of a profile tint coincides with tbe profile of the bob tooth extended 
ill the direction of the length of the surface along a helix 

fins relief surface is shaped by .1 form tool (1 ig 37a) by moans of n single 
complex lormalixc motion made up of three interrelated elementary motions 
/f,, r. and T 3 , 1 c one rotary and two rectilinear motions If a conical hob 
IS to be relieved (Pig 370), the complex operative motion js made up of four 
elementary motions, the rectilinear motion Tj being added This motion 
IS required to position the relicv ed surface along a helix on a conical surface, 
7-303 
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machine tools having mechanicai kinematic 


CONSTRAINTS 



I'ig. 37. Tool and work motions in relieving cnllcrs; 

(a) ccar liob; (h) conical hob; (c) hclical-flulc plain milling cutter; (cl) stocking gear milling cutter; 

(c) multiple-thread milling cutter 

EvidenUy, llio kinemalic slruclurc of lathes for relieving ordinary hobs 
conslitulcs a single kinematic group, accomplishing a single comple.x op- 
erative motion F„ {R^T^Ts) for shaping the surface, but the internal Idnemat- 
ic constraint will consist, not of one, hut of two or more internal kinemat- 
ic chains. 

If the internal constraint interconnects three elementary motions, it 
consists of two internal kinematic chains (Fig. 38a) with the setting-up 
devices and i„. The two chains have a common drive train with a setting-up 
device i,.. The internal chain with the setting-up device provides for the 
operative motion of the cutting edge along an Archimedean spiral; chain 
i,j provides for motion along a helix. 

If the group of the complex operative motion performs four elementary 
motions, as in relieving a conical hob (Fig. 3Sb), the internal constraint 
will consist of three internal kinematic chains. 

As a rule, (he reciprocating crosswise movement 7’„ of the tool is effected 
by a cam (Fig. 39) since the path length of this motion is always small, 
rarely exceeding 10 mm. 

In relieving a multiple-tooth culler, it is necessary to accomplish the 
indexing process in addition to the formative motion.' The teeth of a hob 


Fip 38 '^trnctunl (lnf:rams of machines for rclicMnfj millinp cutlers and hob* 

(«) rear hob (t>) conical hob (c) helical fjut* plain mlUlnp oitlcr <<f) dlik trpe form mlltlac cutler 
(r) lapercti multiple-thread mlDinc cutter W tear tob by ■ differential setup 
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Tlioso ol the pilch train (setting-up device !„) are: 

1 revolution of the work— mm of longitudinal travel of the tool 
The basic displacement of the cutting speed gear train (selling-up device 
ip) are: 

n,n rprn of the motor shaft— rprn of the work 


'I'hero is no feed motion, since the surface is shaped hy a form tool whose 
cutting edge is of a shape coinciding with the profile of the tooth being 
relieved. 

The kinematic structure of machines for relieving milling cutters of other 
types (not hobs) varies in accordance with the changes in the nature of tlie 
formative motions required. 

'J’svo formative motions, F„ and (7y?r,), arc needed to relieve 

a hclical-nule plain milling cutter (Fig. 37c), since the relieved .surface is 
helical and is .shaped hy a single-point tool. 

'I’lic motion F„ (R\T„} produces the curvilinear hack of the tooth along 
an Archimedean spiral (Fig. 37c). The kinematic group accomplishing 
this motion consists of one internal kinematic chain with the setting-up 
device (Fig. 38c) and one drive train— the cutting speed train The 
motion /'\ {'J\Rr) produces the helix along the tooth length. This is a slow 
motion and constitutes the feed in the cutting process. It is accomplislied 
hy a kinematic group with an internal pitch gear train iy and a drive train — 
the feed train t„. .Since the work spindle must execute two rotary motions 
simultaneously— rapid motion /?, and slow motion /? 5 — the internal kine- 
matic chains liave a common hrancli and arc interconnected hy means of 
a summation mechanism (differential gearing). 


In addition to the two formative motions, the machine also has an indexing 
motion. This is a simple rotary motion Ind (/f,) which is completed during 
the return crosswise motion 7',. of the tool. The kinematic group remains 
the .same as before. During this time the relieving cam performs the supple- 
mentary function of an index plate. Consequent ly, the internal chain with 
the seiting-up device is called the indexing train. 

The basic displacements for relieving a helical-flute plain milling 
cull(-r are: 


for the indexing train (setting-up device z\.): 


1 revolution of the cam -c- revolutions of the work 
for the pilch, or lead, train (.selling-up device /,,): 

1 revolution of the work— >7^ mm longitudinal travel of the tool 
for the culling s})eod train (.setting-up device i„)\ 

n„. rpm of the motor .shaft— rpm of the work 
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lor llio feed tram (‘sclling-up dcMCC i,)* 

1 rc\olution of the mm of fongitudmal tra\oI of the tool 

In rehcMiig a slocking gear milling cutter, or anj other t>pc of form 
cutter willi a form tool (^ce Fig 37d), no feed motion is required, and the 
kinematic structure of the machine consists of a single kinematic group 
accomplishing the formatno operatue motion Fj, (/fi?.) and the indexing 
motion Ind (Ri) as shown in Fig 38d 
The structure of a machine for rclic\ing a tapered multiple-thread milling 
cutter with a single-point threading tool (Fig 37f) consists of two groups 
(Fig 38e) (a) a kinematic forir * * in all the 

preceding machines, two operat to shape 

the Archimedean spiral and the (f») a kine- 

matic itulcMiig group, producing the second indexing (complex) motion 
J/idi (TiT-i) which IS required to dispose the threads along the width of the 
cutter on the tapered surface at distances from each other equal to the pitch t. 
A separate indexing member, the index plate, is arranged in tins group 
The formaliNO train with «ctling-up dcxice i* is «ct up in the same way 
as in the preceding case 

'I ho internal constraint of the indexing group accomplishing the complex 
motion Ind^ consists of an internal kinematic chain with sotlmg-up 

doMCO i, for traxcrsing the tool 
mg tram with settingup de\ 
of the tool with rotation of the 

menls are to bo ohtainod in setting up the change gears 

I, mm of longitudinal travel of the tool— >£, tan a mm cross travel of the tool 

where L = any arbitrarj displacement of the tool 

a *=s taper angle of the thread milling culler to be relieved. 

The basic displacements for the indexing tram jy are 

revolutions of the index plate— »r mm of longitudinal travel of the tool 
A separate additional indexing group is required in a machine for relieving 
a hob. if the latter ii> of the multiple start l>pe 

Figure 3S/ shows the kinematic structure of a universal relieving machine 
for relieving a hob with a form tool hy a diflerential seiting-up method 
Here the constraint between the work spindle and the rclicv mg cam has hoen 
accomplished through two internal kinematic clnms li> means of a summa- 
tion mechanism (dilTcrential gearing) 

The Kasic displacement 1 revolution of the work — > -j- (l -f revo- 
lutions of the cam, can in this case be broken down into two 

1 revolution of llie work — ► -^revolutions of the cam 
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and 

1 revolution of the Nvork — > — x -^revolutions of tlie cam 

Motion according to the first relationship is provided hy a gear train 
with the setting-up device ix] that of the second is provided hy the gear 
train willi the setting-up devices iy and i~. Now the internal constraint 
consists of three internal kinematic chains which are powered from a single 
drive train willi the setting-up device i^. Since the shape of the surface 
produced by the generating cutting edge of the tool has not changed, the 
number of operative formative motions also remains constant, as does the 
number of formative kinematic motions. Only the structure of this group 
is changed. The increase in the number of setting-up devices simplifies the 
selection of change gears On the other hand, the summation mechanism 
reduces the kinematic accuracy of the machine. 

As e.xamples, we shall consider the setting-up calculations for two relieving 
machines. 


Hob Relieving Machine, Model 1708 (Michigan Tool Co., USA) 


This special nondifferenlial machine (Fig. 41) is intended mainly for 
relieving hobs in the mass or large-lot production of cutting tools. The 
machine is of rigid construction. This enables medium- and large-size hobs 
to be accurately relieved at a high rate of production. 

The kinematic structure of the machine is made up of two kinematic 
groups: the cutting motion group {R 1 T 2 T 3 ) and the indexing group 

Ihe internal constraint of the cutting motion group consists of two inter- 
nal kinematic chains, including the indexing train: 

120 

Ri — — -> differential gearing — ^ bevel gearing — s- 
— ^ interchangeable cam — > Tn 

and the pilch train: 

Ri ^ screw — ^ carriage — > T 3 


of two motors and a differential with 


Ihe external constraint consist 
.''jiur gears. 

The indexing group consists of one internal kinematic chain-the lead 

'^Tn„Ti ‘ r providing for tool edge travel along the heli- 

cal miles on winch the teeth of the hob are located. 

Ihe external constraint of this group is the same as that of the cuttino- 
motion gioup, except that a drive to the cam is added since the latter acts 
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f'cicf'fi vheol JT 



as a rc%cr«iiic dcMce and an index plate Thus, tlic imlevini; croup js joined 
to lltc cultinc motion cro»P hj the compound niilliod of croup inter- 
connection Ihis principle is applied iii all relicvinc machines 
Let us carrj out the calculations for sottinc up this imcliine 

I Indexing tram (i,) 

1 re\olution of the work •j" ■^) revolutions of the cam 
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If /r=-l, then 



(12) 


2. Lead train [iy)'- 

1 revolution of the work-^T mm longitudinal travel of the tool 

lx||xiyXl2=T 


therefore 




(13) 


3. Cutting speed train. The work spindle drive consists of two electric 
motors, housed underneath in the base, and a differential with spur gears in 
Ihe headstock. Four different spindle speeds are available: the motors 
operate separately, one at a time; they rotate together in the same direction; 
and they rotate together in different directions. The speed gearbox is con- 
trolled by electric change-over switches. 

If only tlie right-hand electric motor is switched on, the spindle speed is 

, IGO 1 80 22 20 r 

nrh — li430 

When only the left-hand motor is switched on, the spindle speed is 

lilt — 1 430 X — y y Tto y ^ 

72//, — 1, lOU X X 24 X ^ 88 ^ 120 

where n,,^ and 22^0 = speeds, rpm, of the sun gear (40F) and the planet 

carrier, respectively. 
iVccording to the Willis formula 


7*40 ^pc 
71 go rip^ 


9 

'40 ^ 


If 72SO — 0, then — i5-=:3. 
Therefore 


„„.= M30x1|?x1x3x|x“: 


:10 rpm 


If bolli niolors operate simultaneously, then the spindle speeds are 
72//1 -r- ??r/i = IG rpm and iz//, — = 4 rpm 

'I'lius the following spindle speeds are available: = 4 rpm, 72 „ = 6 rpm, 
ih - It) rpm and n, If) rpm. Reverse rotation is always at a sneed of 


IG rprn. 
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The indexing train includes dinercntial gearing uilh a niamiil drne 
from a handwheel This permits siipplcmcntar> rotniioii to he tnn«inittcd 
to the cam without «;topping the mnchino to change the imlial point of the 
relie\ing motion 

A ratchet wheel on the left-hand central cinft of the differential peiring 
prcNcnts rotation of the cam, and con'^equont cro«s"i*e motion of the relit \- 
inp slide, upon the rapid return traverse of the carnage 

The carriage has a dcMce that eliminates backlash in the thread of the 
lead screw and nut This backlash dcaelops during the reliOMng proce*® 
The threads of the nut and lead screw are held in contact b> a weight acting 
through a gear, ‘sprocket 97" and a chain linked to the carnage The sliding 
gears 2G7’ and SOf keep the nut in contact with the screw during carriage 
tr<a\crsc in cither direction 

The setting up procedure is complicated in this machine since the \alues 
of Ig and iy in change gear calculations arc etprcescd in decimals Moreo\cr. 
the setup formula for the indexing change gears depends upon three param- 
eters z, f and P Since a large number of comhinaltons of thc«c three param- 
eters IS possible, this feature does not facilitate «etting up procedure 
General-purpose machine tools must lia\e a kinematic slructurc that can he 
conNonientlj set up Ilencc the change gears of these machines mii«t ImBC 
«clup formulas ha«cd upon a single parameter. This can be done if the machine 
has a large number of corrcspondinglj arranged •'citing up doMCcs, and 
if diffcrcntinl gearing is introduced into the kinematic structure In this 
connection wc •'hall now consider the po««iblc structural arrangements of 
rcliCMiig machines 

Figure A2a illustrates the kinematic Mnicturc of a nondiflcrcnli.al reliex- 
mg machine con'-i^ling of a single formatnc group If a liob is relieved with 
a form tool the «ctup of the indexing change gears tg, ns mentioned above, 
IS a function of three parameters »i~/i (s. t, /'), where s = numberof teeth 
being rclic\cd t= axial pitch of the hob thread and /' = lead of the helical 
flutes 

The basic displacements of the indexing gear train are 

I revolution of the work ^ a ( I rcxolutions of the cam 

If this Slim of roolulion*! of the cam is linked with the revolutions of the 
work, not through one gear tram but through two trains and a summation 
mechanism we obtain a new kinematic structure (Fig Mb) The rela- 
tionship indicated above is provided for bj two change gear units and i, 
lIowc^c^. in this arrangement of change gears i„ when this unit is driven 
from the spmdlc, its «etiip formula is again a function of the «ame throe param- 
eters If change gear unit t, »s to be dnxen from the lead «crcw (Fig 42c), 
then the setup formula of change gears i, will depend upon niih two param- 
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clcrs ({larametcr t js cancelled), rinall^, >f the jndcMnj? chantje 
are transferred from ‘■oclinn 2-10 to «cction O-J, following the diflorenlial 
gearing (Fig A2cl), then each change gear unit will depend upon a single 
parameter, flius 

'*='/i(=) h-ftiP) and ri, = /j(T) 

This last structure (Fig. A2d} conforms to the structure of the majorilj of 
thread grinders hnMiig a relic'ing nieclinnism. 

Owing to the suhstantial \anablc loads acting on the cam, the structures 
of general-purpose rohcMng machines are based on the arrangement «liown in 
1 ig 42c 

Next, we shall consider the kinematic stfucturo and setting up procedure 
of one of the general-purpose relicMiig machines. 


Semiautomatic Relieving Lathe, Model 1611 

The model 1811 gcncral-purpo«e lathe can be emplojcd to relic\e cutting 
tools of all types and to perform regular lathe operations Ilcncc, the kine- 
matic structure of the lathe (fig 43) con«i<ts of a series of separate struc- 
tures omplojcd in rclie\ mg teeth of xnrious shapes The carnage has a second 
driNc used for lathe operations and rough relicMiig Here, motion is trans- 
mitted through the feed gearbox, feed rod, apron and a pininn-and rack 
dri>c The maximum diameter of work that can be ^ellc^cd is 210 mm, the 
maximum diameter of work turned m a chuck is 320 mm and the maximum 
distance helwoon centres is 710 mm 

Wo shall consider tiic part of tlio structure (Fig 43n) used for reIio\ing 
tools of the most complex shape, i c gear hob« 

As mentioned al)o^c^ the hihe is of the genernl-purpo>^c t>peand differ- 
ential gearing has been proxided in the structure of its formalixe part to 
facilitate spumg up Therefore, the inlcrinl constraint of the motion group 
fr {UiT,Ti) consists not of two but of three internal kinematic chains 
The first* pilch gear train links tJie «piiidlc and lead 'crew through chang* 
gears iy The second tram— the indexing gear tram— is arranged helwetn 
the spmdlo and the cam. and passes from •’ n ,i i 

fo. gear 40r, indexing change ge.ars i, •’ 
third gear tram is al«o arranged hetwcci ' . 

through the pitch change gears i„ clutch C. gearing difTerintial 

change gears and tlie differential gearing 

The external constraint of the cutting speed motion pae«e- from the first 
speed step of the electric motor through the fted geirbot which proiides 
spindle speeds m a range from 2 h to bl rpm The second speed step of the 
motor IS switched on for return lra\or«e of the carnage and for regular Intlie 
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operations 1 lus pro\ ides for three more spindle « 5 pecds, 05, 135 and 180 rpm, 
obtained tlirough the feed gearbox 

Ihis kinematic group lias a number of dexices tint extend the proce««iiig 
capicitj of the lathe, for instance, a ratchet tooth clutch C, (Fig ASa) 
rius clutch has a druing pawl a (Fig 43b and e) h> meins of which dri\c 
dnft b rotates drixon shaft c during working traxcl of the carrnge When 
the direction of rotation of drixe shaft 6 is reversed, the piwl a n dnengaged 
.iiul the ‘iliaft c «!tops This is necc«sirj «o that the cam does not rotate during 
the rapid return lra\el of the carnage Sucli cim rotition would lend to 
evtremolj rapid cro'swne moxoroents of the roliexing ‘■lide tint could result 
in 1 breakdown 

In the guen lathe, the construction of this clutch has lioen further dcxcl* 
oped so that the rcliexing slide alwajs Mops in its initial retracted position 
lo this end, the driven shift c carries the swinging stop d Upon the re\er«-il 
of drive 'ilnft b, its slot e engages slop d (fig 4^), and tlie driven ■•hifl is 
turned to the position wliero positive slop / rims .igai;j«I “lop g At Ihje, 
the relieving slide is in its evtreme retracted po«ilion 1 o withdraw the tool 
complctolj from the *' ' • * ^ tapered 

'•urfico, in addition * • * ' ’ This tapered 

'•urfncc is in contact * vhcnlheeam 

IS lowered 1 >> a hvdraulic cjlindcr during the return travel of the cirrnge 
\ coir«e pitch unit is incorporated in the design to cnihlo multiple 
start hobs to bo relieved in cases when the hob thread lead is several tunes, 
larger than the lead screw pitch Under ordinar> conditions ciich leads would 
require gearing up in change gears i^, which is undesirable The coarse- 
pitch iitiil includes sliding gear 3ir, mounted on a shaft chown in the kine- 
matic diagram (Fig 43a) adjacent to the spmdlc and “lightlv below it 
The (Ingram shows the left position of this gear (when the coarse pitch unit 
IS engaged) Hero the lead screw is driven, not dircctlj from the spindle, 
9(5 50 {Kj 80 

but through couiitergeanng ^ 55 “ ^0 = “ > ly ~ 

In this ca«c, change gears ly will be set up with reduction gearing again 
Die pitch gear tram includes reversing unit JtUt and sliding gear 35r 
which arc u«e(l in relieving right and left hand hobs 

\ Wide face gear 40r is provided in the indexing gear tnin after tlie rever** 
mg unit /ft/, This gear has two additional internal gear rings with 21 
teclli each If gear 407” is shifted to its right hand poMtion it is possible 
to turn the spmdle 1)> hand without rotation of the cam Hits is needed in 
*cttlng up the beginning of the relieving motion and in indexing from «tnrt 
to sinri 

The semiaulomatic operating cjcic is accomplished with the aid of various 
electrical and hjdrauhc devices the tool being 'Cl aiilomalicallj to the 
depth of cut for relieving b> means of hjdraulic cjlinder //C, 




Fig. 44. Methods ot producing the involute profile of spur, helical and herringbone gears; 

1 — cutting tool; 2 — gear blank 


tooth profile is a complex rolling motion, accomplished in machine tools by 
two elemenlary interrelated motions. If the basic rack becomes a cutting 
rack (rack-type cutler), the rolling motion is composed of motions Ri and 
7'; of the gear blank (Fig. 44c), or motion of the blank and motion of 
the rack-type cutter (Fig. 44d). 

The version of relative motion of the rack-type cutter rolling about a sta- 
tionary blank (Fig. 44h) is not applied in practice since it would unnecessar- 
ily complicate the construction of the gear-cutting machine. 

If basic racks are arranged on a cylinder in such a manner that the gen- 
erating contours are located along a helix, the rack-type cutter becomes a gear 
hob. and the operative motion for shaping the tooth is made up of two rotary 
motions /?r, and Rc, (Fig. 44e), 

In addition to the tooth of a rack, the tooth of a spur or helical gear can 
also be employed as the generating contour. Then the operative motion used 
to produce the profile is made up of two interrelated rotary motions: 
/f; and /Ig (Fig. 44/) for cutting external gears, and R^ and 7?io (Fig- 44g) 
for culling internal gears. 
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Bc«j(]cs the operatise motion required to ihape the tooth profile, another 
operatise motion of the gcnoraling contour is ncoilcd to extend the •=lnpe of 
the tooth along its full length This motion ma> he -simple rcctihiiOTr (for 
a spur tooth), or complex helical (for cutting a helical gear) In some ca^cs, 
ts\o formalise motions arc u-'cd for this purpose (m milling and grinding 
the tooth) 

Iheed upon an annljsis of the methods used to shape the teeth of -spur, 
helical and herringbone gears, the follossing can he presumed 

1 Machine tools cutting spur gears hj the forming method must base 
a structure ssitli simple formalise kincmalic groups tlial produce formnti\e 
motions onlj ssilh the purpose of oxleiiding the «hape of the tooth along its 
length The tooth profile is produced hy the cutting tool il«clf, a separate 
indexing motion hoirig required in almost all eases The main drise motion 
may be either rotarj or rectilinear The maximum number of formalise 
kinematic groups is tsso 

2 Afachinc tools cutting spur gears hj the generating method mu«l base 
n structure consisting of complex and simple kinematic groups A complex 
motion IS required to shape tlic tooth profile In most eases, the«c machines 
liasc no separate indexing motion The mam drise motion mn> he either 
simple OP complex The maximum number of formalise kinematic groups is 
three 

The kinematic structures and «clting-up procedures for the principal models 
of Sosiet machine tools designed for cutting spur, helical and herringbone 
gears are considered in the follossing 

^Iachlncs sshich cut “pur gears ssiih di«Iv t>pe or end mill l>pe gear milling 
Cullers bj the forming and tangent methods, intended for rougfung purposes, 
arc not to he considered since a gear grinder sshich grinds gears ssith a di«k- 
tjpe formed sshecl has much the <anic “tructure The kinematic diagram 
of such a grinder is illustriStcd in Fig 57. 


Gear*Hobblag ttschlni, Motlel SE32 

The uniser«al gear bobbing machine, model 5E32 (Fig <55), can cut 
sari oils t^ pca of gears and, in particular, spur and helical gears up to 800 mm 
111 diameter ssiih a module up to 8 mm (of ca“l iron) The kinematic «:lructiirc 
of this bobber i-s designed on the In'is of the model 5/(32 gear holiber, pro 
siouslj manufactured 1)> the Kom“omoIels Plant of Igor>es«^k, hut ccrtnin 
“light changes base been made in the new model Ihe ssholc kinematic 
*t met lire IS nos or cmploj cd simultancou-slj, it operates in part* in accordance 
ssith the -shape of gear to be cut 

Let us examine i!ic«o ctructiires 

In cutting helical gear** ts^o formalise kinematic group« of th( bobber 
fre cmplojcd Hie cutting motion group Fr (/fi/fj) con«i“ts of a “ingle 
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kitieni«'»lic chain belwcon the hob spindle mid the table, passing through the 
difTercntial and cliangc gear and the dri\c train from motor jUj transmit* 
ling motion through V-bolls, helical gearing and change gears le (motion 
is transmitted fiirllior through the Internal train to the liob spindle and tlio 
table "ilh the gear blank), hlotion is set up as to its path by cliangc gears 
Ji, and as to velocity and direction, by chniige gears /p. 

Tlie second formali\e kinematic group F, {Fj/?*) has an internal train 
between tlic hob slide and the work table. The kinematic ronstraint between 
lhe«o units passes from the nut and \erlical feed screw* tbrongh two worm 

and two bcNcl gearing units, spur gears differential change gears 

worm gearing, differential planet carrier, spur gears y , change gears ig and 

the worm gearing ^ of the work table. The dri\e train transmits motion 

to this internal tram from motor Mi through change gears ip, sun be\cl gears 

<> 

of the differential, change gears i*, worm gearing feed change gears 

<i\ engaged clutch and further through the internal train to the feed 
screw and work table. To pro\idc rapid approach of the hob and its rapid 
withdrawal to the initial position, the Internal train of motion F, is powered 
by motor with clutch Ci disengaged. 

The feed motion I\ is sol up in respect to all fi%e parameters* differential 
change gears sol up tlie palli of the motion; feed change gears I, set up the 
^olocity and mreclion; and adjustable dogs set up the patli length and ini- 
tial point. These adjustable dogs arc located on tlie hob .slide and they op- 
erate limit swilclies winch swiich off the main dri\e motor. The hob is set 
to Its \orlical inilinl position by hand through a shaft carrjing the worm 

of the worm gearing 

In cutting a spur gear, the kinematic group of the cutting motion Fp 
remains the same, except that the dineroiitiol is excluded from its internal 
train (inde\iiig gear train) to increase the operating accuracy of ibis tram. 
No differontinl is rerjuircd m cutting a spur gear 
The dvncreutial is excluded from the kiiiomalic arrangement by means 
of dutch F. which disengages the worm wheel from the plaint carrier, engag- 
ing the latter to (bo shaft of the righl-liaiid l»c\el sun gear of the differin- 
tinl. In this position, the bevel gears of the differential are locked, and the 
left input amt right output shafts of the differential rotate together with the 
earner (bousing) as an integral shaft For this purpose, the bobber i« fiir- 
msbod with two interchaugeable jaw clutrlies. one witli narrow and the other 
uith Wide jaws The widi-jaw clutch is installed for cutling spur ge.ir*. In 
this case, the feed motion /■, (Fj) becomes a s,mple motion 



lyo 
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kinematic chain Let\\con the hob spindle and the table, passing through the 
difToreiitial and change gear i,. and the dm c tram from motor My transmit- 
ting motion through V-bclts, helical goanng and change gears ip (motion 
IS transmitted further through the internal tram to the hob spindle and the 
tabic \\ilh the gear blank) ^iotlon is set up as to its path by ebange gears 
and as to Nelocity and direction, by change gears ip 
The second formalise kinematic group F,{T3R^) has an internal train 
between the hob slide and the work table The kinematic constraint between 
these units passes from the nut and Ncrtical feed screw through two worm 

and two I)C\ol gearing units, spur gears dincrcntial change gears 
worm gearing, diiTerential planet carrier, spur gears -j , change gears r^^d 
the worm gearing ^ of the work table The dn\c train transmits motion 
to this internal train from motor Mi through change gears ip, sun bevel gears 
of the differential, change gears t*. worm gearing feed change gears 

li, engaged clutch Cj, and further through the inlcrnal tram to the feed 
screw and work table To provide rapid approach of the lioh and its rapid 
withdrawal to the initial position, the internal train of motion Ft is powered 
b> motor il/j with clutch disengaged 
The feed motion F, is sot up in respect to all five parameters diflcrcntial 
change gears set up the path of the motion; feed change gears it set up the 
velocity and direction, and adjustable dogs set up the path length and ini- 
tial point These adjustable dogs arc located on the hob 'Ijde and they op- 
erate limit switches which switch of! the mam drive motor The hob is vet 
to Its vertical initial position h> hand through a shaft carrjing the worm 

of the worm gearing 

In cutting a spur gear, the kinematic group of the cutting motion Fg 
remains the «amo, except that the dincrcntial is excluded from its internal 
train (mdeving gear train) to increase the operating accurac) of this tram 
No diftcrcnlial is required in cutting a spur gear 

llie differential is excluded from the kinematic arrangement I)> means 
of clutch C. which disengages the worm wheel from the planet carrier, engag- 
ing the latter to the sliafl of the nglit-haud hcvol «un gear of the differen- 
tia! In this position, the hexel gears of the diflcrcntial are locked, nnil the 
left input and riglit output shafts of the difTereritt.al rotate together with (ho 
earner (housing) as an integral shaft lor this purpose, the bobber is fnr- 
iu«bed with two intcrcliangcahle jaw clutches, one with narrow and the other 
with wide jawv The widc-jaw clutch is installed for cutting spur ge.irv In 
this case, the feed motion {T,) becomes a simple motion 
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The standard hob slide is removed and a tangential, or traversing, hob 
slide is installed ( its diagram is shown separately in Fig. 45) if worm wheels 
are to be cut by the tangential-feed method or with a fly cutter. In all other 
features, the structure remains the same as in cutting helical gears. 

In cutting a worm wheel by the radial infeed method, two kinematic 
groups are employed; the previously considered cutting motion group 
and the radial infeed group FI (Tr) for traversing the hob slide stanchion. 
The internal constraint of this group is made up of the translatory kine- 
matic pair formed by the .stanchion and base. 

The e.xlernal constraint goes from motor Mi, through the speed gear train, 
cliange gears i,., sun gear of the differential, feed change gears is, gearing, 

worm gearing , worm gearing ^ , and bevel gearing to the horizontal 

feed screw with a pitch of i = 10 mm. This gear train incorporates clutch C 3 
which automatically disengages stanchion infeed when the hob reaches 
the preset cenlre-to-centre distance between the hob and the gear blank. 

After a certain length of travel, the stanchion runs up against a positive 
stop mounted on the base. When the stanchion stops, the worm wheel in 
2 

the worm gearing ^ also stops rotating. Then its mating worm, wdiich con- 
tinues to rotate, will travel a.xially as a rotating screw mating with a sta- 
tionary nut, until gear 457’ slides into mesh with gear SOT. The latter begins 
to rotate and, with it, a screw whose nut shifts a fork that disengages clutch 
C3. Tlius the infeed motion ceases at a given amount of radial infeed. Clutch 
C', engages and disengages the vertical feed. 

1 he bobber is set up for performing its principal operations in accordance 
with tlie setup formulas derived below. 

1. Sotting up the bobber for cutting helical gears with a hob. 

Culling motion F„{RiR 2 ) . 

(a) Indexing gear train {change gears i^) 

Tlie basic displacements are 

1 lONolulion of the hob — ■> 1 x — revolutions of the gear blank 


whore A- — number of starts on the bob. 

Multiple-si art hobs are used, as a rule, only for roughing crears 
llie kinemalie balance equation is 

and tlie setup formula is 

i,=2.'ixLxi 


(14) 



5 3 KlSrMATIC STnuCTUnC OV CrAR HOBBISC SIACniSES 


119 


The 'ingle-piir change gonr*; y willi fixed can ha%e l^\o nllos in the 
gi\on hobhor y = 1 and y = ~ Us purpose is to extend the nnge of the 
number of teeth cut on gear's The ratio y = 1 is used for cutting gears 
haMng le^s than 101 teeth 

(b) Cutting speed gear train (change gears 

1,440 rpm of electric motor ># 1 * rpm of the hob 


and 




(15) 


Feed motion EgiT^Ili) 

(c) Differential gear train (change gears i„) 

1 revolution of Iho gear blank— ►P mm xerlical travel of the hob 


sin/J 


where P = mm = load of the lootli helu 

ff ss helix angle of the gear tooth 
lUn ~ normal modulo 
The kinematic balance equation is 


and the «clup formula is 


•\nP _ 7 Op* 5 *in P 


(1C) 


and 


(d) Feed gear tram (change gears /,) 

1 revolution of tlio gear blank— *S|, mm vortical travel of the hob 
‘x?xAx.,x|,x|-“x|-'xAx|iXlO = .„ 


i,' 


(17) 


2 Setting up the bobber for cutting worm whools with n hob bj the radial 
infeed method 

Cutting motion F‘*(/fi/f«) 

Set up in the «ame as above 
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the Ilob spindle and work table tbrough the sun bc\cl pear of thi dincroii- 
tn! and clnnge pears and an e\lerml constraint throupli winch motion 
IS transmitted from motor Mi to the internal Kinematic chain The cuttinp 
motion Ff, (/?|/f.) is 'Ct up in ro'-pecl to two parameters change pears set 
up the path of the motion, and the speed pearhov, pro\idinp nine hob spindle 
speeds in a range from 5 to 310 rpm, sets up the aclocit} of tlie motion 
The second kinematic group— the first feed group that produce-' the holi 
cal motion Fgi (rj/ft)— consists of an intornal kinematic constraint, nUo 
in the form of a single kinematic chain, interconnecting tlie aerticnl feed 
screw r6 with the work table through the diftercntial and change pears /j, 
riie CTternal constraint of this group, in the form of a drive gear train, 
transmits motion from motor Mi into the internal kinematic chain, hemp 
linked to the latter through hc\el gear A2T meshing with two hovel gears 
S^)T Motion Fgi is to bo sot up in respect to all five parameters change gears 
iu set up the path (to the lead of the toolli holi'c), adpislable dogs on the hob 
slide, disengaging this motion, «el up the path length and initial point, 
a nine step feed gearbox «ets up the velocity of the motion, and a rtver«ing 
device on the output shaft of the feed gearbox sets up the direction 
The third kinematic group, producing the tangential feed motion 
IS used to traverse (ho hob aviallj Ifowevcr, the hob cannot be traversed 
axially without rotation of the gear blank, since the hob is similar to a rack 
meshing with a pinion Therefore motion F,. (r«/?j) is complex and is 
a formative motion that shapes the tooth profile Hence, the tooth profile 
IS produced hj two motions Fe (/f|/f*) and 
lo connect three complex formative motion groups in which three cle- 
mcntar> motions arc transmitted to the «amc movable operative member— 
the gear blank— the liohbcr requires two diffcrcnlnls This bobber Ins onlj 
one diffcrcntnl however, and the motion groups /■„ and arc intcrcon 
ncctcd without an> dincrcntinl m winch ca'c the clcmcntar> motions /fj 
and /?5 are added mathcmaticall> and not through a differential Here 
motion group Fg, will ho of simple structure and consists of a 'ingle internal 
kinematic constraint in the form of a iranslntorj kinematic pair made up of the 
tangential cutter head and the hob slide and the drive train Tlie latter mu't 
lo connected to tlic internal constraint of the group for motion as Ims 
been done in the given bobber Motion Fg^ is lo l»e 'Ot up onl> in respect to 
^elnclt> and direction b) means of the tangential feed change gears 
The combination of vertical displacement 7j and ntnl displacement Tf 
accomplishes the so called oblique feed 
The kinematic structure of the bobber maj \ar> to some extent, depend 
ing mainlj upon winch of the three feed «crcws i«i to I e used 

I he settingup procedure for this liohler differs onij «lighllj from that 
emplojed to «et up ordinarj gear hobliors Ihe following setup formulas nro 
derived for the case wlicn a helical gear is to he bobbed uifh oblique fiou 
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Cutting motion 


Setting up the indexing change gears i^ 
'i’hc JKisic displacements are 


i revolution ol the liol) — revolutions of the gear blank 

The kinematic balance equation is 

^ V V V V 4 V y - y i y^y'^yl = - 
^ Hi 29 ^ 2ij 27 ^ 58 33 35 90 z 

'riic setup formula is 


2/iX-X-^ 
z e 


( 21 ) 


54 


30 


'I’iio ratio of ebange gears j may be either ^ — * v., 


= 1 or = V . The latter 


value is \iscd in cutting gears with more than ICO leclb. 

The bobber is set up to the required cutting speed by means of the speed 
gearbox. 

liefore considering the setting-up procedure for tlic feed motion {TzFi,)i 
we shall determine the setup formula for the oblique-feed change gears 
i„tj which will ho required further on. 

To this end we combine with a kinematic balance equation the vertical 
feed .s-„ and the tangential (axial) feed .s,. Thus 


JhLy^y'i^y^yi, y y y 1 v X ^ X ^ X X 12 - 5, 
10 1 3.5 40 .50 3(3 27 48 27 27 48 ~ 


iab ' — d X ■— 


( 22 ) 


Next, wo sliall .set up the feed motion 7%, (Tg/t,.) and, in particular, the 
differential change gears t„. 

hirst we derive the l)asic displacements of the final members of this 
train. 


In .setting nj) the.sc cliange gears, it is necessary to take into consideration 
the fact that the elementary motion 7?r., included in motion /%„, is to be 
provided by feed motion group Now, this motion will be F„, ± Fr). 


Hence, m drawing up the basic di.splacements, motion 77r, mu.st be taken 
into account. With this exception, the feed train for both motion groups 
7y, and is one and the same. On the basis of the above-given conditions 


we c 


’.an worli out the basic displacements for a nondifferential setup, taking 
into account the velocity parameters of each motion, i.e. taking the vertical 
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nnd tnngCRlinl feeds into nccounl 

St mm ixnl tn^cl <— Sp mm Ncrticil ln\ol of the hob — rc\olutions 
1 of tlio geir bhnk in cutting tlic helix 

t— » revolutions of the blink to oltiin tingcnlnl fec<i 

xvhero 7= helix inglo of the hob tlireid 

If the \alucs and substituted in the preceding 

rolition'»hip then the basic displiccments for the differential gcir tnjri 
will Ic 

Sp mm of hob trixol — > roxolutions of the gear Ihnk 

A third component must bo added to lhc«c 1 isic displacement** 

Ilelicil gearing is pro\ idod it the hoh spindle in the indexing gear trim 
for interconnecting rotation of tlie hob and of the geir blank In cutting all 
types of gears in the bobber except in three ca«es (in cutting worm wheels 
with a liob using tangential feed in cutting worm wheels witli a ily cutter 
and in cutting helical gears with a hob u«iiig oblique feed) the«e gears operate 
as ordinary helical gearing In the three ca«cs mentioned abo\e when axial 
tra\cl St IS imparled to the cutting tool iii addition to its rotation (the lioh 
spindle has a thread with pilch / = 12 mm for this purpose) the dri\cn gear 
GiT has two degrees of freedom (rotation and axial traxol) and this helical 
gearing becomes a differential This is due to the fact that gear 6-ir has two 
rotary motions from two different drixing sources from tlic rotation of gear 
ICr and from the feed «crcw t = 12 mm 
During its axial motion, the teeth of gear WT" slide along the helical 
teeth of gear IGT This imparls additional rotation to gear C-lT Thus this 
helical gearing is a hidden summation transmission or differential 
In our case the hidden differential is a part of the internal constraint in the 
indexing gear train Hence the additional rotation of the hob due to the 
second drixing source of the hidden diflerontial interferes with the opera 
tioii of the indexing gear train Consequently this additional rotation must 
I e eliminated cither by identical rotation in the reverse direction in which 
case another differential not available in the given liobl er must ho provid 
cd m the indexing train or hj additional rotation transmitted to the 
gear I lank In the latter ca«c this additional rotation of the gear blank 
must ho correlated with the additional rotation of the hoh so as to provide 
an additional generating motion This additional rotation of the gear 1 lank 
IS provided for in 'Citing up the differential gear train 
Upon axial travel of the hob effected by food screw t — 12 mm over the 
length of the selected tangential feed the gear MT and therefore tlie ho! 
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rotate through revolution; substituting nif 

St sin Pz\ 


iiiji 


cos P 


we obtain 


64 


*^Then, substituting the actual values of /3 g 4 = 20°20' and rUn = 4, found 
in the kinematic diagram, we obtain . If this last value is multi- 

plied by the ratio , we obtain the additional number of revolutions of the 
gear blank that can compensate for the operation of the hidden differential. 
It is equal to 0.00043 -j ^t- 

Taking into consideration that the oblique-feed change gears provide 
a quite definite ratio of vertical and tangential feeds, as indicated above, we 

can substitute the value st = to obtain the final expression for the 

basic displacements of the final members of the differential. Thus 

Sc mm vertical travel of the hob— > 

Sjj sin P ■ COS A , O.OOOI^Iq^/c .11.“ c xl 11 1 

r / I) 00 , revolutions of the gear blank 


^m.n^ 


iTitrijiZ 




whore Sj, = vertical feed of the hob, mm per rev 
P = lielix angle of the gear being bobbed 
nin — normal module, mm 
z = number of teeth on gear being bobbed 
iob = ratio of the oblique-feed change gears 
P. = helix angle of the hob thread 
k — number of starts on the hob. 

The kinematic balance equation for the differential gear train can be drawn 
up in accordance with these basic displacements: 


IL X y y i X - y 1 y 2 V y ^ V ;• v 'J35 ^ 1 

0 1 35 ^ ^ 27 30 ^ ^ 58 ^ 7 ^ ^ 33 M ^ 96 == 


^ s^sinp s„ioi cos 0.00014to^/c 


srm,, 


SzTIIln 


After substituting i^_.24~X-^, rve obtain the setup formula of the 
differential train change gears: 

/ — sin p 2.0.525Ri„{, cos ;. 

'' mnl: — PPPJ: ±0.00lllf„^ (23) 

of ll>o vortical and 
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To (IclcrminD Ihe value of il i*? neccesarj' lo know the ^aIuc of and, 
consequently, the ratio The latter is found from the equation 

ii-i- 

#D it 

^\hcre I = length of axial traxcl of the lioL, mm 
// = length of xertical lra\el of the hob, mm. 

Ha\iiig calculated the required ratio of the oblique-feed change gear-, tlie 
iiearc*'l value of toh i*? selected from the <ct of available gears. Change gearH 
fob have fixed axes, and llieir ratio has quite dcfinilc values: 

T- 

The corresponding one of ihe-e values is substituted in the setup formula 
for change gears <y. The selected vertical feed is set up liy means of the feed 
gearbox. 

Hadinl infeed of the hob is effected by the radial infeed screw /iS and 
the feed gearbox. 

The hobhor has a separate electric motor jl/j which powers the rapid trav- 
erse of the operative members. 

In cutting spur or helical gears with a prime number of teeth with the 
aid of a differential, the feed gear train inu't be pooUivc. Such a positive 
constraint cannot be provided by a feed gearbox with friction clutches. 
Ilccnuso of this, provision has been made for a feed gear train exclusive 
of the feed gearbox 'lo this end, change gears may he inst.iUcd between the 
input and output shafts of the feed ge.arhox. The feed motion can be accom- 
plished through these change gears (shown with dashed lines in the diagram), 
'ihe hohher al'o lias mechanisms for liand tmverse of the stanchion and 
table, and for the cliip convc>cr 


Master Qear-Hobbing Machine, Model 543 

Tliis machine (Fig A7) is intended for liohbiitg high-precisjon Index worm 
wheels up to 800 mm in diameter and of a niodiile up to 0 mm. The incrc.isrd 
accuracy is duo to the appJic.itiori of a eorreclion device winch lr.i«'mits 
supplementary rotation from «ptcinl cams through a differential to the 
work table to obtain more uniform rotation of the gear blank. 

In cutting ordinary gcner.nl purpose worm wheel-, the generating opera- 
tive motion J-\ IS made up of two clcmcnlnry motions. i (. (I{,/1.), in 

which /{^ IS hob rotation and /f. i- gear blank rotation In the given hol.her, 

the goncraling motion IS made up of fourolcmcnt.arj motion-/ , (/fi/f-ffjffj). 

two of which are not uniform The kinematic group producing this romp- 
Ipx operative motion, con-i-t^ of the following kinematic con‘lrainl«. 



Screw t^-S 0/7 0/77 S2T 
, i Tf — Rack 
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First gear train of the internal kine- 
matic constraint hctuccn uniform hob 
rotation and l>Iank rotation IKz 
114 ^ 33 32 


Ji,-> 


19 


3G 

^3lj" 


1 


Second gear train of the same internal 
constraint hel^\ecn uniform hlank rota- 
tion IL and nonuniform blank rotation 
I{, which is actuated hy cam c: 

n i. 5? 


ilr. 


J- 

-300’ 




where 



dre 83 radius increment of 
cam c (Figs. 47 
and 48) 

Tj and r. s= arm lengthsofcorrec- 
tion lo\cr a (Fig. 48) 

Uif — cr 4- = ratio of the diflcren- 
"ae , , . . 

tial in transmission 
from the planet cairiCr 
to tlie sun gear 30r. 

Third gear train of the internal constraint hetween uniform hlank rotation 
/?j and nominiform hlank rotation /f* which is aclnated hy cam J (Figs. 47 
and 48): 

.inn 


Fig 48 Correction doMce of the mo- 
del 5-S3 gear hohher 


where Jr/ — radius increment of cam / (Fig® 47 and 48) 

The correction deMCC. shown in Fig 48 operates on the following prin- 
ciple. Cam c has n profile corresponding to the accumulated lulcli error of the 
index worm wliiol of tlie liohher and inakc" one revolution to each rev olution 
of this worm wheel notation of cam c rocks lever a The latter, Ihrougli 
roll g, turns honsuijr /Mtf the ilifferential and. coii'’eqiicrilly, the work lalde 
and gear hlank 

In addition to this turning motion, a «erond cam /. mounted rigidlj on the 
lower shaft of the dinerenlial. rolalcv at the same speed as the intlex worm 
of the hohlier table The profile of cam / is laid out cm the Iias|« of the cvehr 
irror. of the index worm whet! I poii the rotation of tlii* cam in respect 


*-303 
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to roll g, the differential housing turns and transmits supplementary rotation 
to the work table. Thus cams c and /, and differential b add the three ele- 
mentary motions R., R 3 and Ri, thereby producing the uniform generating 
motion /’c {RiR^RaRi)- The curves on the cams are plotted proceeding from 
a cam rise of 2.1 mm to an angular error of 1" (sec of arc) in the teeth 
being cut. 

The three kinematic chains indicated above constitute the internal kine- 
matic constraint of the generating motion group. Connected to this con- 
straint is the external constraint: 

Motor >gear 337 


The final member, a bevel gear with 33 teeth, interconnects the external 
and internal constraints. Motion is transmitted from this member to both 
the hob spindle and the work table. These two constraints constitute the 
kinematic group which produces the cutting motion (it is also the generating 
motion). 

Besides the generating motion, provision is made for the radial infeed 
motion FI {T^). This motion is simple and is produced by a simple kinemat- 
ic group in which the internal constraint, providing the path of the opera- 
tive motion, consists of a single translatory kinematic pair formed by the 
stanchion and the base of the bobber. 

The external constraint transmits motion from the table to the feed screw 
(Fig. 47): 


Rr 


360 

1 


^ 

48 “^ 50 ' *^"^46 



feed screw 


T, 


\ separate electric motor M^, running at a speed of 1,000 rpm, powers 
the rapid approach and withdrawal of the stanchion; rapid traverse motion 
is transmitted through clutch Co. 

The work table can be rotated rapidly to check the radial runout in setting 
up the blank. This motion is powered by motor Mn through clutch C3 vith 
channe gears disengaged. Clutch Cj in the kinematic^group for radial 
infeed disengages the infeed when the preset centre-to-centre distance is 
reached between the gear blank and the hob. 

Besides the continuous radial infeed motion, the bobber has a mechani'^m 
for periodic radial infeed which advances the stanchion by an amount rang- 
ing from 0.02 to 0.06 mm each time. This mechanism is used in finishincr 
worm wheels. A rack meshing with a pinion 527 is shifted hydraulicallr 
after each revolution of the work table. The rack pinion turns a pawl and 
a ratchet wheel which transmits the periodic motion to the feed screw When 
the required depth of tooth is reached, the periodic radial infeed is dmen 
>,... 0 , 1 . 11.1. is enocca by a „ul carrying a slop. This nm Ina"es1lth 
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tn\cr«ccl 1)> n «crcv. uliicli is tln\en from llie feed 'crew through the "pur 
geirs nnd GG?" 

In addition to the correction nieclnni^m the de«icn of the hohher incor 
poritcs dc\jcc> enabling high 'iccunc> to be more dependahlj miintained 
in cutting preci«ion worm wheels Tlius the helical gear on the hob ‘spindlo 
18 of a diameter 3 5 times that of the hob \I1 the didiiig joints of the «hafls 
iia\c keys (splines) integral with the shafts The construction of the hob 
slide and stanchion proMdes exceplionall) high rigidilj, nnd the«e units 
are machined to a high degree of accuracj flie index worm wheel has 3C0 
teeth of incrcaecd depth and with a reduced pre«‘>tiro angle rhe«c features 
reduce the cjclic error of the worm wheel 
Dial indicators are buiU into the index worm housing and tahlo guard 
to check the runout of test hands on the table and index worm This arrange 
nicnt cliecks the operation of tlie index worm gearing at anj time \ti 
index plate is mounted on the worm shaft il is ii«ed in conjunction with 
a dial indicator dc\icc to check the acenraej of table rotation 
Braking dcxiccs pro\ided on the shank of the tal le and on the hoh spindle 
ensure that backlash is climin ited in one direction in the indexing gear train 
Most of the intermediate shafts run nt aiilifnction 1 earings 
Exce s backlash in the worm drive of the correction mechanism is ohm 
mated h> axial adjustment of the worm which has a thread xarxuig in 
thickness from one end of the worm to the other fins is known os a dual 
lead worm 

The hohher has an automatic centralized lubricating sj^iem During 
operation a hydraulic dc\ ico relieves the load on the table wajs The electric 
motors arc arranged outside the ba«e Uorm wheel* of 3rd cla«s nccunc> 
(USSn Std GOST 3075 50) can be cut in this hohher 
The bobber is sot up bj means of three sets of change gears j, nnd /, 
for which the following ha«ic displacements kinematic balance equilioiis 
and setup formulas liavc Icon derived 
1 Indcxiuf’ change gears j, 

The basic displacements are 

I revolution of Ibo hob— > — revolution of the gear blank 


Tlio kinematic balance equation is 






1 TT X ^ u ^ 




The setup formula is 

i^-CO- 


(2i) 


0 * 
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2. Cutting speed change gears i„ 

The basic displacements are 

750 rpm of motor I’pm of I he hob 

The kinematic balance equation is 


X-X-X — = »/. 
/DU X X Jr X X X /i 


The setup formula is 


Jr 


HIl 

20 


(25) 


3. Radial infeed change gears is 
The basic displacements arc 

:l revolution of the gear blank— '-Sr mm of stanchion travel (infeed) 
The kinematic balance equation is 


1 X 


300 . .48 _ 1 


1 


V V V 7 

48 50 


X~v — xlO — s 
* 46 ^ oO X ~ Sr 


The setup formula is 

is = Sr (26) 

Correction devices \vith mechanical members may vary in construction 
but they all operate on the same principle by which the kinematic errors of 
the gear train are represented by the profiles of one or several cams. These 
cams transmit supplementary motion to the table. 

Since all of these correction devices are subject to inertia and introduce 
corrections for the errors without taking the wear of the machine tool into 
account, they cannot provide sufficiently accurate operation in certain 
cases. 'Fliis has led to the application in recent years of correction devices 
with various nonmechanical linkages, for example, such as those employed 
in the master siear-hobbing machine, model PlI-30. manufactured by the 
David Brown Corp. of Great Britain. 


Gear-Hobblng Machine, Model PH-30 (David Brown Corp., G. B.) 

^ riiis bobber (big. 49) is designed lor cutting precision spur gears up to 
<t'>U niin in diameter with a hob. In consequence, its structure has been 
coinjilicated bj the (irovision of a special correction device with electro- 
mechanical members The generating motion F, {R,1C), usually a two- 
element motion in bobbers, has become a three-element motion F,. (R.R.R'f) 
in this machine It is made up of hob rotation R,, uniform table rotation 
/»- and iioiiumform corrective table rotation 7?^. 
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Fig. 4'j, Structural dinpnm ot the tniMcr gi ar Iiohhinc machine, model PII-30. made 
bj the iJaMd Urown Corp . G 0 (‘Iructure claM K'dl) 


In tills kinemiitic croup the hitcni.il kiiiemnlic constraint con'^isls of two 
intornnl kinematic clunn« Iho first intcnml tram intcrconiiecl'i !io!> rntntinn 
/f, With table rotation ll.. and consists of tlie followine serliotis of n chain 
willi mechanical momher-' II ^ 3 2 -*■ 20 4 -* cears in tlie 
differential ►worm cearmc ^ /f- The second internal kine- 
matic chain intcrcoiiiiocls uniform rotation /f, witli nonntnform correctixe 
niolinn Ity of the table, and coii'-i«ts of hraiiches haxinc both mechanical 
inemhor- and electromechanical dexices 
The correction dexice ujierates a« follows A precise diffraction era tin" 11 
mounted on the xxork table \ IiRlit beam from an illuminator pa-'es 
throuch the cratinc to an optical head 12 in which the corresponding eUctrir 
inilees arc produced. The lalttr arc transmitted alone section 12-13 to pha'-e 
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meter 17. Other pulses, produced by another diffraction grating 16 and optical 
head 15 mounted at the right-hand side of the differential, are also fed into 
the phase meter through input 14. After comparing these pulses, the phase 
meter issues a signal which is amplified (amplifier 18-19) and supplied to 
motor Mn. The latter turns gears 21, 22, 23 and 24, and cam 25 which turns 
the housing of the differential and, consequently, the work table to correct 
motion R«. The drive of these two internal kinematic chains is the mechanical 
train 1-2 from motor Mi- 

The second formative motion, the feed motion Fs (7'i), is of the simple 
rectilinear type. The kinematic group of this motion is simple and requires 
no further explanation. The bobber is set up to the required rate of feed 
by means of the feed change gears is as in other bobbers. 


5-4. Kinematic Structure of Gear-Cutting Machines 
Using a Rotary Gear-Shaper Cutter 

Methods of Generating Teeth with a Gear-Shaper Cutter 

Rotary gear-shaper cutters are employed in gear cutting with various rela- 
tive positions of the cutter and gear blank axes. There are three possible cases. 

If the axes of rotation of the cutter and blank are parallel to each other 
(Fig. .oOa), then the cutter can be used to generate spur and helical gears. 
All gear shapers operate on this principle. In cutting a helical gear, these 
.shapers perform two formative motions; the helical cutting motion 
producing an auxiliary helical gear, and the feed motion, which is also 
(he generating motion F s (RiRn)- The shapes of the gear-shaper cutter and 
(he cut gear, and the location of their axes, as well as the motions of the 
gear shaper, correspond to ordinary helical gearing in which one of the 
gears lias an additional rapid helical reciprocating motion. 

1 he a.xcs of the cutter and blank are in the same position in cutting a spur 
difference being that the cutter performs rectilinear motion 
I'v (A3) instead of the helical motion F,, (RiTs). 

If the axes of rotation of the gear blank and gear-shaper cutter are per- 
pendicular to each other (Fig. 50^), the cutler can generate a multiple-start 
worm using the two motions F, {RiR.) and Fs (T^R^). The first of these, 
le cutting motion Fp {Rj^R„), must be of the same type as the motion in 


Scaring in which the cutter plays (he part of the worm wheel, while 

Vi' ' the same type as in a rack-and-pinion 

rVfnrV 1^,1 V the pinioii. The arrangement of the axes 

confonns to that of the axes of the elements of worm geVin^. 

The me Hied position of the gear-shaper cutter and blank axes (Fig. 50c) 
corresponds to the position of helical gearing on crossed axes. It V known 
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tint upon tiic rot^tloll of such the tooth prohle of one penr «lidos alou^ 

the tooth of the mntinp genr Flic rcHlue sliduip motions of the profilts 
^^c ulih7cd here ns the cutlinp tnotiou lienee in lhi>« ense the qoneraliiifj 
motion IS nccomph'slicd nl the \elocil\ of the cutlinc speed 
wliile the cutting edges trn\el hcltcnll> niong the tooth uith the feed motion 
/■* {T 3 Il^) fhis differs from ordiinr> genr <hnper» in which Iht gcncrnting 
motion to the «ilow feed motion Ft (/fj/f*) licnet llic iisinl 

ti nr shnpijig motliod Jns fjeeii conierled into n turning nietliod Gt nr cutting 
nnchincs producing «pur and hehcnl genrs with n genr «lnpcr culttr h> 
this turning and geiicrnting metliod m winch the cutter nnd hiniik axes arc 
cro ed liaxo a rnpid gcncrnting motion F„ and n slow motion of the 

eiitler niong the tooth—thc feed motion / , (Ts/fJ 

Iloth spur and lielical gears can 1 e cut in «uch mnchiui- In cutting a spur 
gear a helical gear shaper cutter is required so Ifiai the gear can he cut with 
cfo «id Txes of the cutter and blank Helical gears are aho cut with a helical 
gear liaper cutter hut a spur cutter could he used ns well 


Vertical Gear Shaper, ttodel SEISO 

Ihis gear shaper (I ig »1) !•* inlcndid fur cutting internal ami external 
spur and helical gears up to MH) mm in diameter and with n module up to 
mm 

We shall consider the structure and settingup procedure for tin case in 
which ail external hilicnl geir is to Ic cut 
lo do this the sh iper mu t haxe 
helical motion aud tht 

to the c two motions the «haper 

approach and wilhdriwal of tin work tal It retraction and nd\ance of the 
cutter to the blank for tach stroki and rapid rotation tf the lallc rtqmrcd 
to check the radial rumuit of tin geir IJaik 
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Ihc ‘'Iruclurc of the cutting motion i^roiip (TsUi) consists of on inter- 
ml conetrunt in the form of i liclicnl kiiicmTlic pur (intcrclnngcible helic il 
giinJe gt norm ujicoj Tnd inlcrchangeiWe IicJiciI guide on llio 

cutter ‘ipimlle or nm) and in cxternil con«triint trari-smilting motion from 
motor Ml to the internal constninl 

riic cutting motion — 1 compict motion Milli an open jnth— is “ot nji in 
respect to ill fi\o pinmclcra the intcrchingeiWe Jieljcil guides sot up tin 
pitli, the ennk ndius is Mried to set up the pith length clniige gears 
ig cet up the \olocitj, the position of llie cnnkpin is chingcd to «el up the 
direction of the motion, ind the length of the connecting rod is changed to set 
up the initiil po ition 

The kinematic group of the feed motion F, (/?,/?.) consists of an intennl 
trim hclween the cutter md gear blink and an ctternil con«triinl hct«ccn 
the motor and Morm gearing ~ The worm of tlie latter is the point con 
necting the external and internal constraints The generating motion is com 
ple\ 1 lit has a closed path and is therefore to be sol up in respect to three para 
meter' the indcMiig change gears nnd re\cr«ing unit JWi «tt up the 
path of the motion change gears /, «el up the aclocit) (ralt of feed) the> »J«o 
«cl up the direction of motion (b> means of on idler gear) 

The gear shaper is to lio sot up in accordance with the formulas deriMd 
litlow I ifst we shall determine the pitch Fg of the helix on the iiittrchange- 
able guides gi and g. In the following, Fgt nnd Pe "»1I denote the pitch 
(or rather lead) of the helical teeth on the gear blank nnd cutler, respcctistlj, 
nnd zgb and Zg denote the numbers of their teeth 
The following basic displacements of tbc final members arc rer|mred to 
obtain heitcal teeth on the gear blank 

1 rcaolulion of the gear blink— * 7^6 longitudinal Iriaol of the ciiUtr 

In this ns in other gear slnptr- culler traael o\er n distance /'^6 is arcom 
pamed hj rotation of the cutter which should make — rtvnliilions to 
each revolution of the gear Idank ^ Hence during — revolutions of the 
cutler the ram travels /’^6 mm but smee P^t, ****'’ 


liitioiis of the cutter — — /'c miii It follows tint 1 rrvtlution of the 


cutter imu nnd Pg Pr 

Ihe ratio of the indexing clniigi gears 
kinematic balance equation 

. no )0 * 

1 revolution of the culler y \ ^ 


is determined from the following 
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thus 


^- = I5^7-X 


Zgb 


( 27 ) 


The purpose of the change gears y with fixed axes is to extend the range 

of the number of teeth cut on gears. 

Next we can write the basic displacements and kinematic balance equation 
for determining the ratio is of the feed change gears: 

1 revolution of the cutter— full strokes (up and down) of the ram 


lx¥x55xix?xSx±xi = ir 


1 '-50 "'45 


25 ' 


is 


630 

K 


(28) 


The value K is selected in accordance with the required cutting speed. 

The radial infeed group is powered by a separate motor M 2 . 

The ratio ifi of the infeed change gears is determined from the equation 

1,470 X ^ X ^ X i/t X ^ X ^ X 10 = Sr 

Motor M 2 can transmit rapid traverse motion to the table through clutch 
Cl. Clutches Cl and Cg are interlocked. 

Rapid rotation can be transmitted to the table from motor M 3 when index 
change gears i^ are disengaged. After the finish cutting of the gear is complet- 
ed and the table has made a preset number of revolutions, a counting disk 
switches off the gear shaper. 


Spur and Helical Gear Generator, Model E3-13 

This machine cuts spur and helical gears of a diameter up to 
a module up to 5 mm by a method resembling thread generation ' 
gear-shaper cutter, the axes of the cutter and gear blank bein? 
a definite angle. Two complex formative operative motions Ap 
Fs {TsRi) are produced in the generator (Fig. 52 g). 

The kinematic structure of the generator consists of two comp]- 
ic groups (Fig. 52&). The first group, producing the cutting j 
sists of an internal kinematic chain with change gears ix (i' 
train), interconnecting cutter rotation i?j with gear blank 
and a drive train from electric motor Mo through the cuttin'. 





AGKtSrS 



Kfiifimtic (Jnrnm of Ihe •(nir arnl IkIic^I jsir Kinmtor. inoiJt! 1 J I I, ninlo It> l!ic Koitr 
molcli rftiil of |i;or)p\*k («tniclim> <ln«< CJf) 
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HCiu's to llic upper bevel gearing This group produces Ihe lootli profile, 

provides for Uio indexing process and is partly responsible for shaping the 
tooth along its length. Since the internal indexing gear train operates at 
high speeds, the worm gearing usually employed on the ram and work spindle 
of gear shapers has been replaced in this generator hy spur gearing. is 
a complex closed motion and is therefore to he set np in respect to three 
parameters: change gears i.,. set np the path, while change gears ij, set up 
ihe velocity and direction. 

The second kinematic group— the feed motion Fg consists of an 

internal kinematic chain with change gears i,, (called the differential gear 
train), interconnect ing enUer travel along an element of the gear blank and 
blank rotation, and a drive train from the motor through change gears 


sun gears of the differential, change gears 


worm gearing — and change 


gears ig. Motion is transmitted furllier through the internal train to the 
Ycrlicai feed screw, and through change gears /,,, planet carrier (housing) 
of the differential and change gears work spindle. Motion Fg is 

complex and has an open path. Hence, it is to he set up in respect to all 
five parameters: change gears set up the path; change gears set up the 
velocity and direction; and dogs operating limit switches that switch the 
corresponding motors on and off arc set up to the path length and initial 
point of this motion. Tlie cutler slide is returned to its initial position by 
motor d/o. 

The generator is sot up in accordance with tlie formulas derived below. 


Cutting motion 7'\, (iljifn) 

The kinematic balance equation for the indexing gear train is 
1 rovolntion of tho cutler X ^ X ^ X g x § X 1 X X | x ^ 
theroforo 

8 . . 


c 

gf) 


-fib 


( 30 ) 


ScUitif; up ihe gnicrutor to ihe cut t tug speed 


I.V.0 (rpm ot lUc olcclrio motor) x ^ X X | x | x g x | 


26 
130 ' 




whonco 
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Feed motion FgiTyRi) 
up the path of the motion 

Tlip kincmnlic Inlatico pqualion for the djnerpntial pear traui is 

1 roNolutjon of the pear blank 4 * V ^ ^ ~ ^0"= 

— P mm of longittidin'il cutler travel 


as here P — • 


<i« p 


After ‘•uh'titnlinp the value for i* delermmrvl al>o\e we olitain 


i„ = 


127 320fi«in/t 
f”n-e 


Settinf! up the lelocthj of the motion 


(32) 


15** '>'•/, •> 

1 revolution of the pear Wank ^ f0 = 

— ft mm vertical travel of the cutter 

Therefore 

(33) 

Since, in thi« machine, tlic cuttinp motion ff (/f|/?t) »« mode up of two 
rotary motion^ and is cofitnmou*. tfie production cnpacitj is verj hiph 
in compari«on with c^r sli<aper« liavinp a reciprocntinp cuttinp motion 
On the otiier hand, due to tfie larpe niimher of cuttinp edpe« on the cuttinp 
tool when the cutter and blank oxe< are rro««ed. the tooth «hnpinp proce*-’* 
docs not proceed properl) and the accurac> of cuttinp In this penerator is 
con«ideral)Ij Iov\er than in a pear <liaper. For thi« reason, model I'.'i 13 i« 
emplojed, as a rule, for rouphinp «pur and helical pear* 


Semtautomatlc Warm-Thread Generator, Model E3*10A 

T his machine is intended for penemlinp the thread of sinple- or mulliple- 
''larl worms up to 100 mm in diameter wilfi a maximum pilcli of mm 
and maximum lenpth of 300 mm. ««inp a rotar> tool similar to a peir-shipor 
cutler (Tip ri3n) 

The structure of the thread penerator (Fip .536) consists of two complex 
kmemxfrc proup- for pradiiciiKt t«o formitno moiionf the ciitliuc motion 
and the helical feed motion /. 

The internal tnin of the cuttinp motion protip passes from the cutter 
’'piiidlc tliroiipli clnnpe pears ;* sun pnrs of the diflcrenlnl, and cinnpe 
pevrs f, to t!ip work spindle The drive tram ir.nn«mits motion from motor 

V, Ihroiiph holts clnnpe pears i, and pnnnp to he\el enrs t- which in- 
terconnect llie drive tram and the interinl tnin 



Rotaru cutter 



Fig. 53. Kinematic diagram of tlio semiautomatic wonu-Uiread generator, model E3-10A, made by llm Komsomolots 

Plant of Egoryovsk (.stnictnro class C2'l) 
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in 


Tlie intPrml tram of the food group connects the feed «cre\s with the worm 
blank through change gears worm gearing ^ , differential hou«mi, and 
change gears /, The drno train to the internal tram tnnmiits motion frr m 
motor Ml through V belts change gears if ^^pur gearing change gi ir* 
worm gearing — and feed change gears i, to the rcaer«mg doMce with 
lc\el gears 367 and 727 b> means of which the dri\e train and intinnl 
tram arc connected 

'Iho generator has two rc\cr®ing dc\ice< Ihej are arranged in the ii Urnal 
trains of the cutting and feed motion groups and enable loth right and 
left hand worms to ho generated 

Uapid tra\er«c of the «!lide is effected when the feed «crcw is powered fr un 
a separate electric motor which can be switched on onlj after ri\ir mg 
dcMcc IS sot to the noulril position 
The upper part of the slide can he swivelled to set the cutler to the rerpiired 
depth of cut and to retract it at the end of the longitudinal stroke I he 
cutter IS automaticallj retracted from the work b> a cam 
The generator is «ct up in accordance with setup formulas derived in Ihi 
I asis of the following ha«ic displacements and kinematic balance equation 
To determine the ratios of change gears md 


1 revolution of the rotar) cutter —>-—rtvoJiiljoj}s of the worm Jlmk 


>-1 '.=- f - 


where Ze ~ number of teeth on the rotnrj cutler 

I — minilcr of starts on the worm to be gintralcd 
Hero two «ets of change gears to ami i, are located in a snigk gear trim 
Change gear unit h >‘*'8 hved aies and onlv a small ntiml er of change gnr" 
are available \ large set of change gears is nvaihhlp for tlu change geir 
unit but It IS insufficient for all the possildc viluev of the ratio i, iiiis 
is due in part to the fact that, at the large loads transmitted through rlniii.t 
gears i ihc latter cannot 1 e designed willi nn adjusial k siud Instead of the 
latter a «oriis of threaded lioIC'> art provided in the I a«e wall iii iht 
space Iciwocn the driving and driven “hafts of the change gear' \ii inter 
mediate stud is screwed into one of lhe«e holes This change gear roislrtic 
tion tnnlles heaw loads to le transmitted and permits a large mimlir of 
different s( tup The c «otup arc insufficiei l however to handle all pf ilik 
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cases and, becanso of lliis, ebango gears I'o are provided in llie indexing 
The ratio i,. of the speed change gears can be determined from the equation 
■1 ,/i40 X ^ X X ~ X ~ X 1 X f.v --=««>?> rpni of the worm blank 


then 


/»«»•?> 

12/0.-C 


( 35 ) 


Tlie ratio /„ of the differential change gears can be determined by either 
of two equivalent methods. 

First method: 

1 revolution of t,lie worm blank— --P mm of longitudinal travel of the cutter 

where P is the lead of the worm llu’oad, mm. 

Tlien 


lx - 1 1 1, <- db ,i(t 


and 


Pi - A; 


( 36 ) 


2'02r> 

‘'lamioZf 

Second method: 

1 rc'volution of the cutter— ■'.' twCc mm of longitudinal travel of the cutter 
Then 


and 


* " AnmiQZc 

The ratio ig of the feed change gears is determined as 


( 37 ) 


I revolution of the worm blank— '».v inm of longitudinal travel of the cutter 
3'ben 


t V iL V ; V i!!! V If X- ‘S x- r - 
X \ i, X \ \ X b -- f 


Thus 


(X 

a 


( 38 ) 


UecauM^ of the complex cutting tool required, the model E3-10\ w 
liuc.id generators lind application mainly in largo-lot and mass urodud 


worm- 
juoduction. 



Sj KisrM\TiC sinvcTtm or n ar onisonn’? 1{*> 

5-5 Kinematic Structure of Spur 
and Hellcat Gear Grinders 

riic ^idis of i,cir tcclh no fiiii'-hoil lij (he v-imt inclhods u'cd iii cuttnic 
lln ^nr‘« hiU uilh olhor cultniij tool- tmj)lo>cd 

riic In-ic t>pc of KCir riiu«lan^ in'icliines arc the pcir prindir- Mo t 
oxleti-i\cl\ implo\cd are pcir prinder- u«iiip n di«k tjpe formed wind mid 
opcntinp 1j\ the forimnp method the profih of (ho wheel hemp the pt tieril 
nip contour, nml prinder- u'ltip n di«k t>pc wheel with -trmpht «iide- and 
ojientinp hj the centnlvop inithod li\ \fl«ilchwk, a Sosiel tnpinier 
propo ed n new hiph production method of priiidinp -pur imd helicnl pear'* 
willi T lielicillj profiled wheel -iinilir to the method of cutliiip pe ir« with 
« hoi) Iii'ofir their kineimtic -tructurt is concirned, all pt ir priiidtr< 
differ onlj -liphlh from the peircntliiip machine- operntinp on llit -ime 
principle J he diflirence in con-tritclion i- «uch lint pears of hipher iccuracj 
art produced (piar priiidcr- il-o ha\t in additional fonnalixe proup for 
trump and dre— uip tlie prmdinp wheel 


Oear-Drindlitg Machine, Model 584M 

This pear pniider (f ip ")'») intended for finishinp spur niid helical pears 
from 1)0 to ')()0 mm in diameter with a modnh from 2 to 10 mm It u«e« a di«k 
t>pe wheel 2()0 mm in diameter, witli ,a -Iraiphl sided ciittinp profile, 
repre entinp i\ tooth of the basic rack 

Spur pear- are pround in the followinp manner 

Iho rapidlj rotatinp wheel traacls recti!mearl> along the tooth Jciiip 
pround At the «amc time the work pear rolls in reference to the wheel (in 
the -ame w le as a pinion rolls nlonp a rack) until the tooth hemp pround 
roll- out of me-h with the wliecl \fler this the -lanchion is withdriwn to 
the -ide, the wheel i- retrictid from the tooth -pace and the table with 
tlu rotatinp work peir returns to It- initial position Thus the involute pro 
file ( f the tooth i- produced h\ the peneratinp method, and tlie slnpi of the 
lonlU nlonp il- lenpth is prodiicid hv the lanpenl method Conseiiuentb 
three fornntive inoUoii- in rKpiired to grind the -ide surf ice - of the terlli 
cultinp motion /r(/f|) longitiidiii il feed inolioii (T.) and the roll 
motion Fg, \ddHiotnU> required are the indcvinp motion Ind (Hi) 

and the rvdial infeed motion /•/, (7*) Hence the mam part ot the priiiiUr 
ro:i-i-ts of five kinematic proup le-ide- the Inndlinp motion- 

Ihe cultmp motion group I ^ (/f,)i-of the simple t>pe It* internal con 
-Iriml con-i-t« of i rolirv kmemilic pur made up of tlie wlnil -pmdle nnd 
the ram Ihi evleriial con-lraint roii«i-ts of i smple lelt drivt htwion the 
whrtl and motor U, al*o inouiilid on the rani llie prmdinp wliiel rolate- 
at ron-tant -pud (2 2(*<l rpml 
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cases and, because of this, change gears io provided in the indexing 

tFciin • 

The ratio ic of the speed change gears can be determined from the equation 

25 24 


1 .440 X ^ X In X I X I X 1 X fx = rpm of the worm blank 


then 




t2lo-c 


(35) 


The ratio of the differential change gears can be determined by either 
of two equivalent methods. 

Fir.sl method: 

1 revolution of the worm blank mm of longitudinal travel of the cutter 

where P is the lead of the worm thread, mm. 

Then 


and 


1 v±viy?»xAxS^“x-\6-P 

lx 2 1 /2 o6 36 


. _ 2,025 


(36) 


Second method: 

1 revolution of the cutter —'^rT/nZe uun of longitudinal travel of the cutter 
Then 


1 v■^^^±v26 1 TO J_ 36 18 18 

^ 2 '' ,0 26 2 1 ^ ^ 72 ^ ^ ^ 36 ^ 


and 


iit = 


u 

2,025 


(37) 


Thm 


1 he ratio tg of the feed change gears is determined as 
irm blank— >s mm of longiti 

l-lv; ^^36 18 18^ 


1 ro\olution of the worm blank — mm of longitudinal travel of the cutter 
1 hen 


(38) 


tool required, the model E3-10A worm- 
thuad uenerators imd appheation mainly in large-lot and mass production. 
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5-5 Kincmotlc Structure of Spur 
Qnd Helical Gear Grinders 

riic oI Icelh nrc li> tht *-iine rncllio(U in enthn" 

llu 1ml ^Mlll other ciithmr tool's empUned 

Ilie InMC tjpt of i»eir fini-'lun^ inicliiiKs ore llic (»eir criiid(r« Mo I 
cxttii'suclj imploNcd ire tjeir grinder? us-iiiff t ili«h tjpc formed a\Iicc 1 Ttid 
opcntinc 1)> the forniiiit' method the profile of tlic wheel heinc the cciunt 
intj contour and grinders ueiiii» n di«k l>pc wheel with ‘•IniRhl 'idi'. nnd 
ofientuiif hi the jrt ntntiri^' method fn Vas-ifehnlv, n Soviet ens’inter 

propo od 'V iKw ln«h prodnctiow method of j’nndjnj: «pur imd hehc-vl sm> 
witii a lielicnllv jirolikd wheel «miihr to the mcthoil of cnttiru’ J,‘ irs with 
I hob In«of\r thoir kincmnlir «triielure concerned, nil Rt ir crindir* 
iliHer ontj ‘•IirIuIv from the RinrcnttiiiR innclune-. opcnlitiR on tlie ‘■nnu 
principle 1 he difftrence m consstriiclion i" ••iich tint penr* of hicliir neennej 
nre produced (icnr unndcr' nko hue an nddilioinl forrnntue proni> for 
IrniiiR nnd dre«'itu' the urindnu wlinl 


Gear Grinding Ifaehlne, Model S84M 

Ihn Ronr Rrinder (I ic o'») i« intended for finuhint: •‘pnr nnd helical rciin 
from (lO to 5(KI mm in dnmeter with x modulo from 2 to 10 mm It n«cs n iU«k» 
t>pc wliool, 2()0 mm m dinmeter with n ‘“tr'iiglit '*ided cultini? profile 
repre cntiriR n tooth of the In-^ic rnck 
Spur Rear-* nre proiind in llie followiiiR immier 

Ilic rnpidU rontiiiR wheel tr-uel« rectilmenrlv aloiiR the tooth heitiR 
ground At the ‘•nme lime, the work ROir rolls in reference to the wheel (in 
the viino w i\ ns n pimon rolls nlonc i rick) until the tooth heinR Rroiind 
rolK out of ine»h with the wheel \flcr tins ihr stnnchion is wilhdriwn to 
the side the wheel u retricted from the tootli spnee nnd tin tnhlc with 
till rotaliiiR work Rc ir returns lo ii« iiiilinl po-ition Ihiis the involute pro 
file of the tnolli is produced hv the RuicrntiiiR method nnd the 'Inpe of llie 
tooth nloiiR Its IciiRth is prodiicid h\ the lanRcnl method Consiquonll> 
thne formntivt motions an n qmrid to Rnnd tin sale surfnee of tlu tcitli 
cntlinR motion K (fM loiiRitiidiml feed motion {T.) nnd the roll 
motion {lijTi) \dditioinll\ required nn the iiuleviiiR motion Ind (//j) 
nnd the ridiil infeed motion A/, (T**) Htnce llu nnin pnrt of tin Rriiidtr 
cons| t« of five 1 inemnlic Rronps li^-ides (lit hnndliiiR motions 

Ihe cullinR motion i.r(iiip /, (//,)|sof the simple t>pe Its mternnl con 
sir \n\t consul-, of \ rotarv kintinilic p iir m-vde up ol tlu whci I spindle and 
the rnm Ihe exttriinl cotisirnijl ct iisi |« of n sinple loll drive hitwien thi 
wlicil nnd motor tf| nl'n m< uiili d on the rnm Ihe RrindlnR wlnel rolntes 
It const mil sj i, d (2 Jial r; in) 
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cases and, because of this, change gears k are provided in the indexing 
train 


The ratio ip oi the speed change gears can be determined from the equation 
1,440 ‘®'^4d'''-40 


X iv X X ^ X 1 X ix^nwb rpm of the worm blank 


then 




(35) 

^ 12/0--C ^ 

The ratio i„ of the differential change gears can be determined by either 
of two equivalent methods. 

First method: 

I revolution of the worm blank— nP mm of longitudinal travel of the cutter 

where P is the lead of tlie worm thread, mm. 

Tlicn 

lx-LxixV"xXxi|xfx|x6 = P 

lx 2 1 jy <2 36 36 

and 

. 2i02o foc\ 

Second method: 

1 revolution of the cutler— ■‘ vT/uSc mm of longitudinal travel of the cutter 
Then 


and 


, :i0 , , 1 , 26 1 90 1 36 18 18 

• 2,025 

The ratio i* of the feed change gears is determined as 


(37) 


1 re\olnlion of the worm blank — nim of longitudinal travel of the culler 
1 lien 


Dhi.s 


1 vl'.-,- 18 „ 

'' 32 ' 72 '' 36 X ^ « 


3 


(38) 


ol tlif romplos culling tool rctiuired, lUc moilol E3-10A worm- 
..ccalors l„„i o,,plic»li„„ ,„„i„|.v i„ ,„ge.|ol and mass producUon. 
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S-S. Kinematic Structure of Spur 
and Helical Gear Grinders 

The of (,cflr teeth nre fiui'-licd 1»\ the ♦‘iinL nielhod« u^cd m cutting 
the ^eir*!, hut with other cnltinif tool- tmpIoMd 

riic In-ic IjpL of Keir fini-hin^ michinc- art the (,ear urnidir- Mo l 
evtcn-i\o}} cniplotcd nre g( ir cmnltr- t (ii«k t} pc /orinod wheel nnd 

openlinff 1)> the forming method, the profile of the wheel heuit: ihi lunt 
iiiC contour, and critider- iiemc n di«k l>pe wheel with -triii^ht sjdc-. and 
opcrntnnj h> tlic ciiientitiff mitiioil In \a-i!chuk i Sneict tjuineir 

propo-ed 'x new IiikIi production method of Rrindinc spur nml helinl 
witii a helical!> profiled wheel -imilir to the method of cutting t,nr- with 
a hoh Insofir a- their 1 iiicrnatic slructnre is concerned, all Rnr ^'riiider* 
differ oiilj shtthlh from the t^eircnltiii" imchint' openlitiff on tlie -mic 
pnneipU I he difference in con-triiction i- -uch tint genr- of hieher acciincj 
are produced (leir unndcr- lUo hue mi addilioml fornnlue uroup for 
truin,j and drc«-in„' the (.niulins wheel 


Deaf'Qrlntllnp Machine, Model 6B4M 

1 Ins gear crnider (I "I) u intended for fini<hini; spur and helical gears 
from ()0 to W inm in (liamelor with a module from 2 to 10 mm It u«cs a di«k 
t>pc wheel 2()() mm in diameter, with a -traight sidid cutting profile, 
repro-enling a tooth of the ba<ic rack 

Spur gear- are ground iii the following m inner 

Ihe rapidl> rotating wheel tri\cls rectilincarl> along the tooth being 
ground At the same time (he work gear rolls in reference to (he wheel (m 
the -amc wu a« a pinion roll- along a rack) until the tooth being ground 
roll- out of me-h with the wheel After tin- the -tanchion is withdriwn to 
the side, the wheel i- retracted from the toolli space and the table willi 
tin rotating work gi ir return- to Us initial position Thus the inaohitc pro 
fill of the tooth 1 - produced h\ the generating method, and the shape of the 
tooth along it- length js proilncid In the laiigont nielhod ron«i fjiieiilJ\ 
three form Ui\i motions jirt rt c|mriil to grind the -ide -urf ice- of the teeth 
ciiHitig motion /r(ffi) loiigitnilinal feed motion (T.) and the roll 
motion ft- (/Ijn) \dditionaU\ rccimred are the indeMiig moliim Ind (/fj) 
and the radial infec'd motion /•/, (T*) Hence \hi main part of the grinder 
con-i-ts of fi\o lineinatic group li-ide- the handling mnlioii- 

llit cutting motion group f r (/fi)i*'Of the «implc tape Its lutprnal con 
-Irunt con-i-ts of \ ml are kiiu m ilic pur inadi up of the wheel -pindic and 
the ram The extirnal con-triint con«i-l- of a smclp bell dri\e h tween the 
wheel and motor t/, il«n moniitid on the ram Ihe grinding wheel rotates 
at eeui-tant -peid (2 2(*() rpm) 
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I he Kroup of Ihe lonKitmhinl hid motion A*.] {T^) i- aNo «ttnpl(* in nUuri 
A truiviaiorj kincrmlic pur in llit form of tho rcclihnenr «a\s on tlie r^m 
■uid the stanchion const it vitc*- the inlennl cuti«tr‘unt ! lie cxlennl roti>.trunl 
lioiiscd in lh( stanchion transmits motion from motor U. to a crank dri\i 
and to iht rim Motion fn (T.) iv a simple motion with an open path .ititl 
is therefort to he «el up in rispcct to four paramiters ci^hl «tpp speed irt arhox 
I., suls up the \olocilj of the motion proMdiiu; for run motion in \ raiii,e 
from A'l to 2 (tB full strokes (up uul down) per minutt ihi patli lenclh is sn 
up h> \ irjinR the crank ridius with a screw liaxiuc i pilch /j i "i mm 
llic iiulial pniiil of the motion is set up h> chanqinj: tin po iliou of tin r uu 
in riftrence to ihi coniitclinj: rod with a sertw haxiiic a pitch t, "» mm, 
and llic diricHon is sot up hj iiu uis of tin ennk di«k itstlf 

lilt roll moUnn Kroup h “f ff'*' complex t\ pe Its intern il con 
slruiit consists of a kinmuitic chain hotwicn the round and the rectan„ulir 
tallies intercniuu.ctiiii' Ihiir ilcmenlarj motions /Jj and T* Fins tram 
is \s follows motion i/j — worm ki irinu i -*• indexinc chanti i„ 

-*Utirs iOr, yir, sur and Vir “*sp<.tia| rtxersmi; dexicc ronsi«iir)c of 
« mox ihlo drive pinion 22 r a composite Kcar and a ilrivin ci *r 22 r -• roll 
chui;,c t»ears i, -♦ travel «crcw with a pilch 'ia — motion T^ 

lilt txlonnl constraint of this j»roup transmits motion from a sopanti 
tnolor to the inlorna! con«trunl Ihroinjh tt ir monnlul on shaft // 
llus conslnint is as follows If, I eve! cenrs Ilf and '\’\T rc irs 2 »r 
and 3ST and shdinc clii«ttr Iq with pi ifs Y*T and -*■ fied chance pi ips 
I 4 . uid poirs Z6T and Stif — clutch ( , and pcirs YtT MT and ftlT 
llu last spur piai (•'» 2 r) is the junction inlirconnictmc the exlerniil and 
iiitirnnl constraints 1 roin it motion is transmitteil to tlic round I ihle md 
simuUaiuouslj to the Invtl screw with a pilch ty - 

Motion ht- (IfsTi) is complix with an opin path and is Ihenfore to U 
s<l up m respect to all five paninelirs It |s sot up to Ihi pith h> meins of 
roll chance pears i, and in ri«pict t« vilocilv liv fied chanpe ptars 
I rom manufactunup consider itum- llu diuctioii of tin roll molum »s not 
ch iiipid 1 ht p ith Icnpth of Ihi niM motion is \ med h> ndjusinl le dops which 
opirite limit switches 01 S and i/ S Ihe nquired iiulinl pn ilion of llu 
recinnpular I ihle is sii up h> hand rotation irinsimltid Ihroupli worm 
piannp and nut to tlu Invil srrtw with a pitch tj 'ia 

1 he null xiiip motion prnup Ind (Ity) is simph and has nn internal roiistr iiiil 
111 tlu form of a smgU rolnrv kiiumatic pur math up of llit round tahh 
sfiafl and the riciaiipular inhle 

Ihe exti rnnl constraint is aUn powircd from motor of ihi fcid motion 
proup f,, and truismits motidi to llu round tnhle llirouph tlie lower con 
stramt of the fiid motion proup f and parllv ihroiich tlu internal const 
r Unt of this prnup 
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Motion Ind {Hr) is simplo nnd lias an open path. Con.seqne/)lly, it slionid 
refiiiire setting up in rosjjcct to four parameters. However, beinp an inde.v- 
ine motion, il is set np in respect lo only one paramelcr— patli len^d.Ji—by 
means of tlie imle.vinq change gears The round table ])elongs to two groups 
indexirig and roll-wliich can be interconnected, as previously pointed out. 
by throe rnelliods, A special reversing device, in the form of a composite 
gear, is located in the internal constraint of the roll motiofi group. Hence, 
hi this grinder, a compound method of group interconnection has boon applied. 
This means that in grinding a tooth, tlic processes of profiling and inde.xing 
first proceed simultaneously and llien .separately. 

When the grindiiui: of a tooth is completed, the stanchion with the wheel 
is withdrawn by tlie feed-in drum, and a special device reverses the direction 
orjli'avol(of the rectangular table without reversing the rotation of the round 
table. Therefore, at this moment, the roll motion ceases and motion 

yi.T becomes tlie inde.xing motion 7?r,, while motion T,, is replaced by the 
handling motion T-; which returns the rectangular table to its initial posi- 
tion. 'During grinding and table return, the worlc gear turns through an angle 
corrosimnding to several teeth z-,. In indexing a work gear to the given numlier 
of teeth z,ni; it is necessary to .select zi .so that it and z.j,i< have no factors 
in common. In the given gear grinder zi>7, and of sncli a value that the 
length of the stroke of the rectangular table is sufllcient to grind the tooth 
completely, 'i'he value z; is lo be determined from a formula given in the 
Service Manual of the grinder, 

'i'he radial infeed motion group AY, ('J'n) is simple. Its internal constraint 
consists of a single translat.ory kinematic pair formed by the stanchion and 
the base. Hadial traverse of the stanchion is powered by motor A/;) through 
the following external constraint : 71/;, bevel gears 117' and 337’ spur 
gears 257' and 33'/’, and cluster gear /’o ->- feed change gears i^., — spur genj's 

33'/', 8(J7’, AOT, lAT and 05'/’-'- worm gearing feed-in drum — stan- 
chion rod and travel .■^crew with a pilch i,, 3 imn. 'J’his motion is sot up 

only in respect to two parameters: path length and initial point. The path 
length is set u]) by the variable slop drum having a number of ground pads 
of different height on its end face. The initial position of the stanchion is 
.<e1 up by means of the travel .screw with a pilch I,, - 8 mm, linked to the 
stanchion rod and a rotary nut. 

The grinder has a number of other kinematic groups as well. For instance, 
U has a group, found in all grinders, for truing and dro.ssing the grinding 
wheel. Dressing may he either manual or automatic. 'I’his is accomplished 
by tlie dressing mechanism drive which provides, not only the dressing 
iMotioii, but a motion that compensates for wheel wear and' is effected by 
a ratcliet and pawl mechanism and a (ravel screw with a iiitch ir 1.5 mni. 
Ihe gear grinder has facilities for three modes of operation: automatic 
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cycle, *^<‘miauloiiifllic cycle mid mniiuol cmitrolo, the latter hciii? for fotlin^- 

iip purpo'C^. 

The KfiinJfr operates as follows on an automatic cycle. 

After f-tarlinjj the grinder and the primlitiu of one tooth, a .stop 

on the cycle control drum operate*: limit switch ll.S (I’j?. Thi** ener- 
pire*: solenoid 2Sd of the pilot valve coiilrollinp clutch 6’, which enp.ipes 
rapid tra\erse of the table. After the fecd-in drum withdraws tlie .stanchion 
with tlio prindiii" wheel from the work pear, the rectnneular table, nrtiialcd 
by a special rc\er«inp device with a composite pear, hepins to return r.ipidly 
while the round tabic continues to rotate in the .same direction. Onelin* 
devinp cycle is completed when the rectanpiilnr table reaches its Initial 
position and the work pear is rotated further (indexed) tlirouph an anple 
correspondinp to Zi teeth. As it i.s withdrawn, the flanchion operates limit 
switch 4LS. if at the eiul of the return stroke of the rectanpul.ir table. limit 
swilcli CLS is released and the rapid traxcrsc clutch Cj is shifted to the 
slow uofktfrp (ravel pos/(tori, (hen /<mi( switch i< a/'O rc/eased and 
the prlndinp cycle of the ne.vt tooth hcpins. If. for .some reason, the rapid 
trawrse clutch does not enpago working t rax el, then limit .switch •//«,9 switches 
nfl motor .U. for longitudinal traxcl of the ram and molop for the roll 
motion. 

After all the teeth have l>een ground jtj the first the cycle coimler, 
*•01 up to the given iiumher of tcetli Sue* operates limit switch 2/S. At this, 
solenoid JSd rc'Cls the counter to lero and solenoid JSd puls the C'capemcnl 
lever into a position in which the variable .stop (control) drum can he turned 
to a new position by the action of a hydraulic cylinder, rack and rack pinion 
20r. 

Three rows of tlireadeil holes, into wlitch «lops can he .screwed as rtfj'dred, 
are provided on llie periphery of the \,iriahle stop drum. These siopx operate 
limit switches 9/S. S/S and .i/S. 

The slops are arranged and installed on the drum in accordance with 
a predolcnnined control schedule for the pixeii work pear. If. upon rolnticui 
of the drum, a stop in the thin! row operates limit ^wI(^h J/S, tooth pririding 
begins again .at a new depth of cut on the second pass. If .t stop of the sccruul 
row operates limit switrli d/S. wheel dressing liepiii® and cotilinue- until 
limit switch TLS. located in tlie drcssinp drive meclianism, is operated 
ami switches oP the dressing mechanism and starts ihe machine for re-urning 
the prinding of the work pear f'rnall.v, if a stop of Ihe first row* opemtes 
limit .switch 0/S. the latter tr.an«mits .i cnmniand pulse to end the whole 
grinding cycle and to return tlie \.irinhle stop drum to its iriiiiat iio-ilion, 
Iherehy cnahling the next work gear to he ground 

111 operation on a srrniaiitomatir cycle, the grinder will .Tiitomatically 
*tnp after grinding all tlie teeth in one p.iss at a constant depth of cut. 'Ilie 
grinder is tcI ton new deplli of cut and started on the next pa*' fiy tlie opt r.afor. 
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ill soUing lip Uio machine;, Ihe operator uses the manual controls. 

A special selector switch is used to cliangc over from one mode of opcralion 
to another. 

To grind helical gears, the ram is set at the helix angle ft of the work 
gear in relation to the axis of Ihi.s gear so that the longitudinal motion of 
Ihe wheel is along the gear tooth. In this position of ram travel, llie Ivolix 
along the tooth length is produced by the tangent method witli inclined 
ram motion /’«) and roll motion /<\„. Since a helix can he developed on a plane, 
no co-ordination is required between the longitudinal motion of the ram and 
work gear rotation in grinding a helical gear. Such a co-ordination is re- 
quired in cutting a helical gear witli a hob if Ihe latter is fed parallel to the 
gear blank axis. For this reason, gear grinders with a swivelling ram have no 
diffei’entials. 

'I'he gea)' grinder is set up in accordance with the formulas derived below, 

'I'he machine has three change gear units i,;, and i„,,. Hence, it will be 
necessary to draw up three basic kinematic chains. 

1. Indexing f'enr train with chanf’e f^ears 

'i’he indexing cycle lakes place during one revolntion of llie cycle drum; 
conseijiieni ly, (he basic displacements are 


1 revolution of the cycle drum — revolution of the work gear 




Then tlie kinematic balance equation is 

X , 80 , , ti.') .'12. 1 

^ ^ 2 r,r, ''' /,2 ^ 


whence 


m 


-wu 


2zi 


••If;;; 


(39) 


2. Profiling [roll) gear train laitli change gears 
'Hie basic dis[)lacomcnls are 

1 revolntion of (he work gear — mm of roclangnlnr table travel 

'Ihe kinematic balance equation is 

i V JL , . 

\ ' i ' fih 2m 22 ''' 


when* i, 


-<r(! 


Then the setup formula is 


? Y " 




(/.O) 
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CHAPTER 7 

EFFECT OF VARIOUS FACTORS 
ON THE KINEMATIC STRUCTURE 
OF MACHINE TOOLS 


The typical kinematic structure of any machine tool complies in the main 
with requirements of a kinematic nature, and does not always fully meet 
other service requirements, especially those concerned with accuracy and 
production capacity. These requirements are usually met, for the most part, 
by a suitable construction. In certain cases, however, better results can be 
ottained when definite modifications are made in the typical kinematic 
structure of the machine tool. 

Lot us consider these possibilities for changing the typical kinematic 
structure in accordance with the processing purpose of the machine tool, its 
universality, the level of the requirements made to the machining accuracy 
and output, dynamic factors associated with operation of the machine tool, 
and requirements made to the setting-up facilities. 

Depending upon the processing requirements, machine tools of the same 
processing group may have different kinematic structures. The group of 
imring machines can be cited as an example. If in boring a workpiece, end 
flanges must he faced in the same setting, a facing slide is provided on the 
faceplate. This slide has cross feed and carries a single-point tool called, 
in tins case, a fly culler. The kinematic chain that powers tool cross feed 
O'ig. 7Ia) includes a hidden summation drive resulting from gear c rolling 
about gear b since the slide is mounted on the rotating faceplate. This sum- 
mation drive imparts supplementary radial motion to the facing slide and 
the fly cutler so that the actual radial feed does not comply with the normal 
oxpeemd rate. To compensate for this additional displacement, a differential 
(Fig. 71b} is built into the feed group. Two motions are transmitted through 
the differential; one is a slow radial feed motion through change gears /T 

while the other is a rapid motion, along gear train for compensat- 

ing for the surplus radial displacement due to the hidden planetary trans- 
mission. Thus (he kinematic structure of the boring machine has become more 
complex with the application of a fly cutter. 

In addition to tlie ordinaiy elements and mechanisms required to bore 
holes the design of a jig borer incorporates very complex devices for readin^^ 
on the co-ordinate dimensions. These devices are required to enable the 
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holes being bored lo be positioned at the specified co-ordinates, and greatly 
alter and complicate the kinematics of an ordinary boiing macMne, 
still another example can be mentioned in which the typical kinematic 
structure is modified to meet the processing requirements. 

If a spiral lievel gear generator is to be used to cut Formate gears 
(Fig. 71c), in addition to the conventional spiral bevel gears, then the typi- 
cal kinematic structure must be changed. The changes that are to be made 
depend upon which of the two methods for cutting Formate gears is used. 
When the first method is applied, the cradle has a nonuniforrn motion for 
cutting the pinion member (smaller of the pair), such motion being provided 
by the modified roll mechanism built into the generator (Fig. lid). This 
nonuniform rotation of the cradle is obtained as a result of two motions 
of the cradle worm: uniform rotation and nonuniform axial motion trans- 
mitted by the modified roll mechanism through its change gears The 
second method of cutting a Formate pinion involves the setting of the face- 
mill type cutter at an angle to the cradle axis (Fig, 71e). In this case, the 
pinions are cut by means of a bevel generating gear and not a crown gear 
as ordinarily. Motion can be tran.smitted to the inclined cutter through 
.shafts that arc not in alignment, either by means of a telescopic shaft with 
universal joints (Fig. 71/) which are not capable of transmitting heavy 
torques or, through further complication of the drive, enabling motion to 
be transmitted by ordinary gearing between nonaligned shafts (Fig. 71g). 
A drive of the second type can easily accommodate heavy loads. In either 
case, the kinematics of the generator, as far as the drive to the cutter is 
concerned, differs from the typical stracturc of a .spiral bevel gear generator. 
.Many other examples could be cited .showing the further development of the 
kinematic structure when more extensive demands are made to the proc- 
essing capacity of a machine look This tendency is quite clear however from 
the preceding examples. 

The kinematic structure of a machine tool may be expanded and made 
more complex in cases when it is necessary either to extend the processing 
capacities or lo increase the output by increasing the number of spindles, 
clamping stations or sections, or when the machine is to be built into an 
automated production line or tran.sfer machine. 

When the processing capacities of a machine tool are extended, it becomes 
a mulliple-slructurc machine in which several different combinations of 
formative, indexing and Iccd-in operative motions can be obtained. This 
enables work of various .shapes lo be machined by various cutting tools in 
performing different processing operations. By and largo, it can be said 
lhal ihe kiiieinnfic structure of an omniversal machine tool allows for the 
performance of all the required operations. If only one operation is being 
perforined only a part of the machine with its partial structure is being 
uhlized. lienee, provision must be made for devices that enable the macliinc 
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to be changed over from one partial stracture to another Various proce 
durcs are employed in such multiple-structure machine tools to obtain 
se'oral different partial structures 

There are three mam procedures for changing o\cr from one partial struc 
turc to another The first of these involves the use of the available bine 
matic operative members one after another without removing anj from the 
machine which, consequently, does not haie a single inlerchangeable unit 
The second procedure consists in changing, not only various members but 
whole units of the machine Both of the preceding methods arc employed 
in the third procedure, in which interchangeable units are utilized onij 
partially 

An example of a multiple structure machine tool is one for producing 
globoid worm gearing Model 549, for instance consists of twelve partial 
structures It can be used to machine globoid worms and their conjugate 
worm wheels by means of cutter heads, hobs, shaving cutters, grinding 
wheels and laps, and to perform both roughing and finishing operations 
This machine has various special devices by meins of which any particular 
partial structure may be set up for operation Such devices include for 
exTmple a number of jaw clutches In addition to these inlcrstructure 
devices the machine has three hobbing and grinding attachments which 
are u«ed in conjunction with one of the available partial structures 

Machine tool structures may sometimes diOcr to some extent i! the machine 
tools are of the multiple spindle or multiple-station type in which sever 
al workpieces are machined simultaneously Here new blanks are loaded 
and the finished work is removed simultaneously with the machining of 
other blanks In these machines the kinematic structure is made more com 
plex by the use of parallel kinematic chains, so that a multiple-station 
machine is obtained 

Parallel stations of a machine several spindles or slides are sometimes 
designed in the form of separate sets or units having separate, independent 
but repeated kinematic structures in which case the machine tool is of 
the multiple-section type As a rule, all the sections are mounted on a com 
mon bed, or base Machine tools of this type can handle identical ordifferent 
parts simultaneously An example is the two section gear hobbing machine 
having two sections identical in Kinematics and construction mounted 
on a common base 

The general kinematic structure of all multiple spindle muitiple-stalion 
end multiple-section machine tools is complicated by the provision o' 
supplementary identical kinematic groups and intergroup kinematic con 
slrmnls . 

Macl.me tools hased on a ducrsified structure i c multiple structure 
t>pGs cannot he placed into any deCnito class of typical kinematic struc 
tures Therefore the general structure of such machines is determined by 
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the class of the partial structure which produces formative operative motions 
composed of the maximum number of elementary motions. 

When a machine tool is built into a transfer machine or automated produc- 
tion line, the kinematic groups for the controlling motions are considerably 
expanded and become much more complex. As a result, the kinematic struc- 
ture of each separate machine tool may also be changed. 

It is hardly expedient to take up the kinematic structure of automatic 
transfer machines in the present part of this textbook. Nevertheless, the 
theoretical principles formulated above are applicable in analysing the 
kinematic structure of a transfer machine if it is considered as a whole, i.e. 
as a separate unit. The kinematic structure of any component machine tool, 
then, consists of intragroup and intergroup kinematic constraints, which 
are to be regarded as intramachine constraints in relation to the whole trans- 
fer machine. Consequently, a transfer machine, or automated production 
line, can be considered to be made up of intramachine and intermachine 
constraints. The latter possess many specific features, and will be taken up 
in Part Six of Voi. 4. 


Higher machining-accuracy requirements may be met to some extent by 
changing the typical kinematic structure along the following lines: improv- 
ing the structure of the internal kinematic constraints; increasing the num- 
ber of elementary motions making up complex operative motions, correction 
devices being used for this purpose; and by applying nonmechanical inter- 
nal constraints. The accuracy of internal kinematic chains can be increased 
by using spur gears in them instead of helical or bevel gears, or other types 
of gearing on intersecting or crossed axes. This principle can be demonstrated 
by the example of the gear-shaping machines, models 5A12 and 5B12. 


These two models are very similar in their capacities, quantity and type 
of kinematic groups, arrangement and construction features. They differ in 
the number and type of members that compose the internal kinematic 
indexing chain with change gears (Fig- 72), interconnecting shaping 
culler rotation with blank rotation. Both models have precision worm 
gearing units for driving the cutter ram and work spindle, but the train 
between the worm shafts of these drives includes four pairs of bevel gears 
and two other pairs of gears in model .5A12 (Fig. 72), while eleven pairs of 
spur gears are provided in this train of model 5B12 (Fig. 73). The second 
model has no bevel gearing. 

The suhsliluting of spur gears in the indexing train of model 5B12 for 
> 0 % el gearing enables this gear shaper to produce gears of a higher accuracy 
clnsc than those made by model 5A12. 

However, this change in the structure of the indexing gear train has 

5A12 has 16 gears while 

nuK 0 0 - _1). hut the accuracy of the indexing train has been substan- 

tially raised in model oBl2. The kinematic accuracy of the latter model 
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Fig 72 Kinematic diagram of tlie gear sliapcr model 5A12 


could be further increased by reducing the number of gears and by evclud- 
ing one reversing device, RUi or RU^, from the gear train One reversing 
device, or unit (cither RUi or /?£/?) is required to set up the shaper for 
cutting internal gears the second enables the whole generating motion to 
be reversed The latter is employed in cases when the cutting edges on one 
side of all the cutter teeth have become dull while they are still sharp on 
the other side These sharp edges are utilized by reversing the generating 
motion, thereby considerably prolonging the life of expensive cutter«. 
Since the second reversing unit must change the direction of the whole 
operative motion {R^Rz), it should be within the external kinematic 
constraint, i e m the feed tram, and not in the internal constraint as it 
-has been arranged in models 5A12 and 5BI2 


/ 
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A simpler kinematic structure can be obtained if each kinematic group of 
a machine tool has its own separate motor, and motors with different, more 
suitable, power characteristics can be employed. It is impossible, however, 
in this case to maintain a constant rate of feed per spindle revolution, which 
is of prime importance in finish machining. Constant feed per revolution 
can be obtained by building an intergroup constraint into the system. 
For instance, in the heavy-duty lathe, shown in Fig. 75c, the spindle is 
driven by an electric motor and the carriage is longitudinally traversed by 
a hydraulic cylinder. The intergroup constraint passes from the spindle 
through points 3 and 4 to the lead screw which is linked to valve F,. The 
lead screw has two axial motions: Ta— in one direction from carriage travel 
and powered by the hydraulic cylinder, and Ti— in the other direction from 
rotation of the screw. These motions are always equal in velocity. If there 
is a change in velocity of either the motor or the cylinder piston, the inter- 
group constraint automatically shifts the piston of valve Ft, changing the 
velocity of the cylinder piston so as to maintain a constant rate of feed per 
revolution. The kinematic structure of a machine tool becomes more com- 
plex with the introduction of an intergroup constraint. 

Any reduction in handling and setup time increases the output of a ma- 
cliine tool. In some cases, the kinematics may be made more complicated so as 
to reduce the time required to set up the kinematics and processing arrange- 
ments of a machine tool. For example, an extra differential gear train is 
incorporated in the design of a relieving machine. 

Figure 42 showed four versions of the kinematic structure for relieving 
machines. The changes were made in the structure in these versions with 
the aim of simplifying the procedure for setting up the kinematics. 

The indexing change gears are arranged in gear bobbers (see Fig. 20c} 
so that in cutting the conjugate gear of a pair it is not necessary to change 
over the change gears iy thus reducing the .setup time. 

The kinematic structure of a machine tool may be modified to comply 
with other factors and requirements not considered here. It is evident from 
the examples given above that these changes do not disarrange the typical 
Slnicturc, but only alter it to some extent and supplement it. 

The possibilities of improving the kinematic structures of machine tools 
to increase their accuracy, production capacity and stability of performance 
are not, of course, confined to the examples given in this chapter. 
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A simpler kinematic structure can be obtained if each kinematic group of 
a machine tool has its own separate motor, and motors with different, more 
suitable, power characteristics can be employed. It is impossible, however, 
in this case to maintain a constant rate of feed per spindle revolution, which 
is of prime importance in finish machining. Constant feed per revolution 
can be obtained by building an intergroup constraint into the system. 
For instance, in the heavy-duty lathe, shown in Fig. 75c, the spindle is 
driven by an electric motor and the carriage is longitudinally traversed by 
a hydraulic cylinder. The intergroup constraint passes from the spindle 
through points 3 and 4 to the lead screw which is linked to valve Fi. The 
lead screw has two axial motions: Tz— in one direction from carriage travel 
and powered by the hydraulic cylinder, and T’l— in the other direction from 
rotation of the screw. These motions are always equal in velocity. If there 
is a change in velocity of either the motor or the cylinder piston, the inter- 
group constraint automatically shifts the piston of valve Fj, changing the 
velocity of the cylinder piston so as to maintain a constant rate of feed per 
revolution. The kinematic structure of a machine tool becomes more com- 
plex with the introduction of an intergroup constraint. 

Any reduction in handling and setup time increases the output of a ma- 
cliinc tool. In some cases, the kinematics may be made more complicated so as 
to reduce the time required to set up the kinematics and processing arrange- 
ments of a machine tool. For example, an extra differential gear train is 
incorporated in the design of a relieving machine. 

Figure 42 showed four versions of the kinematic structure for relieving 
machines. The changes were made in the structure in these versions with 
tlie aim of simplifying the procedure for setting up the kinematics. 

The indexing change gears are arranged in gear bobbers (see Fig. 20a) 
so that in cutting the conjugate gear of a pair it is not necessary to change 
over the change gears iy thus reducing the setup time. 

The kinematic structure of a machine tool may be modified to comply 
with other factors and requirements not considered here. It is evident from 
the examples given above that these changes do not disarrange the tvpical 
structure, but only alter it to some extent and supplement it. 

The possibilities of improving the kinematic structures of machine tools 
to incieasc their accuracy, production capacity and stability of performance 
are not, of course, confined to the examples given in this chapter. 
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GENERAL PRINCIPLES 
OF HYDRAULIC DRIVES 


8-1. Operation of a Hydraulic System 
and its Specific Features 

ydraulic systems ha\e found \ersatile application in machine tool 
neenng Thej are employed, for instance, m unit built machine tools, 
sfer machines and programme controlled machines In machine tools 
ertain groups (broaching machines, grinders, etc) they lla^e alino«t 
pletely superseded other types of drives At pre«cnt, hydraulic systems 
being used in synchronizing devices, in travel control systems, etc 
re are many indications that the further automation of manufacturing 
es«os in the engineering industries will undoubtedly develop along 
lines of a more extensive application of automatic hydraulic 
ces. 

ydraulic systems were incorporated m the design of machine tool« 
nning with about 1925 They were first applied in machine tools rcquir 
low pressure hydraulic fluid, for example, grinders Hydraulically 
ered machines operating at low speeds and high pressures were designed 
he ENIMS Institute in 1934 35 Thc«c were umt*built drilling, boring 
milling machines Later on, this in«litulc did considerable work in the 
I of standardizing various hydraulic devices and hydraulic circuits for 
hine tools of many types As a result, much lc«s time was required to 
’ ’ I 11 _ . j —achine tools and advanced designing tccli 

of unified control devices tested in the 
various plants 

[ydraulic fluids can be U'ed to effect any continuous or intermittent 
ions of power members, including rectilinear reciprocation and rotation 
ch are the most widely u«ed in machiDe<= 

[ydraulic systems, employed in up-to date machine tools to obtain both 
hese types of motion, operate on principles that were described to some 
mt in the prececding chapters (®oe Secs 2 11, 4 5 and S-4 of Vol 1) 
ny typo of hydraulic system consists of two mam part s a pump, the 
na.r u at ttijf syst-em. and \hc htidraulic motor Ihe srcorul^ part, wt 
•System, supplied by the pump Tlio pump develops thV^re'«uro or head 
liEwoi^ing fluid by expending mechanical energy A hydraulic motor of 
reciprocating type {hydraulic cylinder) or rotary typo is inlcndedf for 
verting the head developed by the pump into mechanical work Tlius the 
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head of the pump provides the required force in the hydraulic cylinder or 
the torque on the shaft of the rotary hydraulic motor, and the fluid flow pro- 
vides the required velocity of the working member. Hence, a hydraulic 
system can he regarded as a converting machine (power transformer) with 

a closed power cycle. , . , , , i 

■ Tlie^ump and hydraulic motor are connected with the controls which 
provide for the required sequence of all the stages of the working cycle of 
the machine tool. The controls include devices for varying speeds and for 
reversing and reducing and check (nonreturn) valves, relays, etc. The con- 
trols may be mounted on a special panel. 

— Energy losses in a hydraulic system are made up of: (a) mlumeirJpJo^&s^ 
due to leakage of the working fluid; (b) hydraulic lo.s ses, due to a drop in 
pressure, and (c) mechanical losse s, due to friction. 

The speed dfa^ydraulic motor (reciprocating or rotarj^) is varied by regu- 
lating the amount of fluid passing into or_ Qiit-of-the motor in unit time; 
motors arc reversed by changing the direction ol flow of the fluid delivered 
to the motor. Uniform motion of a hydraulic motor and, consequently, 
constant speed of units rigidly linked to the motor, are possible if the load 
on the motor due to all kinds of resistance remains constant, if the hydrau- 
lic system is leak-proof and contains no air. 

In conversion machines with a closed power process, additional power 
losses, associated with the conversion of one form of energy into another, 
are inevitable and are characterized by the efficiency value. 

Hydraulic drives with power rating of i\'^>0.45 kW are economically 
sound; electrical drives are usually used for iVc; 0.45 kW. 

A hydraulic drive is advisable for developing high torques and pulling 
forces. The cost of designing, manufacture, installation and operation of 
such a drive is substantially less than for an electrical drive of the same 
power rating. The initial cost of the hydraulic equipment is from 60 to 
67 per cent lower. 

The speed of response of a system and its dynamic properties are evaluat- 
ed, for practical purposes, by the ratio of the maximum torque Tmax (or 
nijaximumjmUipsJor^^ to the moment of inertia I of the rotor, i.e. by 

It is well known that this ratio is limited in electri- 

permissible torque per unit weight of the iron in the 
rotor of the electric motor. The ratio a drops with an increase in power. The 
maximum torque developed by a hydraulic system is limited only by the 
^ fiP P^Pooool' parts, hence, by the chosen materials. 

‘-The dynamic properties and high-speeTle^Dnse-of-a-hydraulic drive 
being designed can be improved by reducing the mass of the moving parts. 
Modern hydraulic drives can attain a weight-to-power ratio of 0.55 to 0.8 kg 
per k\\ , values as yet unattainable in an electrical drive. 


the value a — - . 

"cal engineering by the 
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The o\erall dimensions of elcctncnl equipment and Dleclncal de\ices are 
determined by the temperature conditjons and the magoctic flux densitj, 
this -salue does not exceed 0 2 0 25 T (tesla) for high qualitj electrical steel 
or permendur alloy This corresponds to a specific torsional force of about 
20 kgf per «q cm and the designer is again restricted in his choice of a «uit- 
able material The designer enjojs much more freedom in ^electing materials 
for hjdraulic devices 

The operation of hjdrauhc sj stems in machinery in general, and especially 
in machine tools, has shown that the maximum length of a pressure line 
rarely exceeds 40 or 50 m On the contrary, the length of an electrical trans- 
mission line IS not restricted 

As concerns response accuracy, the possibilities of electrical and hydraulic 
devices are about the same A hydraulic drive, however, can have facili- 
ties for stepless variation of velocity and pressure in accordance with any 
specified law the«e facilities being much simpler than when electrical or 
electronic devices are used The accuracy of travel under load, as in hydrau 
he tracer controlled machines, averages about 0 01 mm 

After It is installed, a hydraulic system is to be set up only lo respect to 
a single parameter— pressure— while elcclncal sy«leD3s and, all the more, 
electronic systems, must be «et up in respect to several parameters Hence, 
It IS considerably easier to locate possible defects in the assembly and instal 
lation of a hydraulic system 


8-2. Hydraulic Fluids Used in Machine 
Tool Drives 

Mineral, or petroleum, oils of various grades (indicated below) are used as 
the working fluid in the hydraulic drives of machine tools to transmit pres- 
sure and to actuate hydraulic motors Under «evere operating conditions, for 
prolonged continuous duty, as well as under high or low temperature condi- 
tions hydraulic fluids with elevated oxidation stability and high M«co5ity 
are required Special additive treated mineral oils are employed in the'e 
cases 

The main 'service property u«ed in selecting and comparing oils is the 
viscosity in^x which shows the change in the viscosity of an oil with its 
temperature The higher the vi<cosity index the higher the quality of the 
ml awd the beUet \K has been refined A. substantial increase m the viscosity 
index can be achieved by the application of special synthetic oil addi- 
tives 

Mineral oils have found predominant application in the hydraulic drives 
of metal cutting mncbine tools Expenence shows that an oil viscosity 
index of about 90 is most suited for such hydraulic drives 
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lii[;li-vi.«rosily oil is usually recomincjulcd for liigh operating pressures, 
vvlicii p >- 100 kgf ])r;r sq cm, to reduce volumetric losses and to maintain 
;i normal viscosity at an elevated temperature. 

P.adial rotary piston pumps, operating at pressures of Ivgf per 

sfi cm [)erform satisfactorily if use is made of oils with a kinematic viscos- 
ity of' 1 to 2 sq cm per sec at a temperature of T — -'jO^C. A viscosity of 
tlfon to D.tjo sfj cm jicr sec is recommended for pressures of /)-< 70 kgf per 
s(f cm. Many foreign manufacturers recommend oil with a viscosity of O.G 
to O.Go .‘^(1 cm per sec for their hydraulic drives. 

Ill the USSJl, Industrial oil 12 oi'20, according to USSJl Std GOST 1707 -.'j 1, 
is employed in lraii.slatory motion drives operating at medium prc.ssiiro.s of 
p .'50 kgf per sq cm. Oils of higher vi.scosity are u.sed in rotary motion 
drives. Those include Tiirhino oil 22 according to USSll Std GOST 32-r).3, 
and Machine oils 30 and 43 according to GOST 1707-.31. 

'I'lie oil must, he sufficiently homogeneous as to its chemical composition. 
This liomogeneily is checked hy determining the fla.sh point. Other thing.s 
hoiiig equal, the hotter an oil i.s refined, the more homogonoons it is. 'fhe 
freezing point of an oil is an indication of its moisture content. Moisture 
interacts with the metal oxides of various rubbing components in the pump, 
hydraulic motor, etc., and tlie hydrates of those o.vidos interact, in turn, 
with the organic acids to produce soap which servos as a catalyst in the oil 
oxidation jirocosses and Urns deteriorates the opornling jiroporties of the oil. 

(iomlensato of atmos[)heric moislnro accumulates quite rapidly in hydrau- 
lic oil. Most of tlie coiuleiisalo settles to the lioltom of Uio tank, or reservoir, 
hut. the remainder mixes witli the oil, forming an emulsion wliich circulates 
ill the hydraulic .system, 'fhorofore, it is necessary to clean the romain.i; of 
the used oil from the reservoir before pouring in frc.sh oil. 

Gf especial importance is the chemical stability of an oil, which is charac- 
terized liy its oxidahility at higli temperatures and when it is siihjcct to the 
• atalyiic effect of metals. Oil oxidation is accompanied by the formation of 
resinous dejio.sit.s that gain up the orifices of control devices, 

1 he ajiplicatioii iif llic antio.xidant additive inhiliits or even stops 

llm aging and oxidizing proce.«ses in oils. 

Aeration causes oil to foam, creating conditions that favour the formation 
of air emulsions of very low density; the pre.scncc of such emulsions violates 
imifonn motion of llie travelling ineniliors in a machine tool. In most cases, 
Mliroii polymers (polymelhylsiloxane.s) arc ii.«od as antifoam agents. 

jM'i as liydiaulic fluids in the USSR are oils refined from Soviet eastern 
.h crudes, without additives, in the j)ur(‘ 

-tale I he viscosity index of .such oils is donhle that of oils from low-.sulphur 
Azm-liaijan rrmles. ' 

. hll „ul. III,. of .sp<.ci,.,l oils for „so i„ |,j.,|ra,ilic.ollj- 



operated machine tools These oils ha\e a kinematic Msco«ity from 0 3 to 
0 6 sq cm per sec at oO°C and are based on well refined turbine oil from 
eastern crudes into which \anous additnes ha\e been introduced The prade 
designation is BHIIII Hn-403 and the viscosity index is 92MP according to 
Specifications TV 12H ^o 6 6^ As concerns certain of its features (for m 
stance antifoam property) it is superior to many imported grade® 

The extensive application of hydraulics in machinery power systems and 
especially in tracer control systems has accented the importance of «uch oil 
properties as compressibility and ability to dissolve air Dissolved air \io 
lates the uniformity of hydraulic motor operation affects the oil vi«cositv 
and reduces the highspeed response of hydraulic devices The solubility 
of air in oil depends mainly on the temperature (T) pressure (p) and the 
density (o) of the oil 

0^ various liquids (water Industrial oil 12 transformer oil and kero eno) 
kerosene dissolves the greatest amount of air water dissolves the least 
Of the mineral oils Industrial oil 12 dissolves the least air 



It may 

'‘■ TIi o" c om|iressnnlily factor of an oil is characterized by jt« elasticity of 
bulk and is determined by the equation 

-gcmperksl (,5) 

where q — density kg per cu cm 
p — pressure kgf per sq cm 
T — temperature *C 

Since Q — ^ ''here M — mass in kg and I — volume in cu cm tl en 



V 


and equation (/o) can also be written as 

| 8 r =— •’1 ■=*” (' 6 > 

The compressibility factor is reduced with an increase m pressure. 

Oil Tensity depends mainly upon me pre ure and equals 

Pj, = £>o(l + (7/) 

where (?o= density at atmospheric pressure and the initial temperature T 
C and D = certain constants (coeff cients) depending upon the temperature 
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liivesligalions show that under the service conditions of machine tool hy- 
dr.uilic drives, at T — 50'’ to 60°C 

<:: = G.28x 10-^ sq cm per kgf and /) = 1.14xl0"' cm‘> per kgF 
Then 


and 


a 

i-rCp-^rDp- 



Ilydraulic drives are most widely used in machines requiring a pressure 
in the range of n = 70 In 200 kgf p er sq cm as in machine tools aqdjucesse^ 
In this pressure range the oil compressibility factor can be taken, on the 
average, as 

Pt = 5.8 X 10“^ sq cm per kgf 

The specific change in capacity of a system due to oil compressibility 
will be (see equation 76) 


The compressibility factor of synthetic hydraulic fluids, based on water, 
phosphate esters, etc., is less than that of oil and is equal to 

Pt «i'3.5 X 10“^ sq cm per kgf 

Resinous deposits in the oil passages of all hydraulic devices (gumming up) 
arc observed when any oil is used. This reduces oil flow and, in the course 
of time, completely stops flow through small passages (sometimes several 
microns in size) in components of the control devices in the hydraulic .system. 

Gum formation depends upon the properties of the oil, the material in 
which the passage is made, the shape of the passage hole, oil flow rate and 
its lempcraturc. Other conditions being equal, transformer oil has the great- 
est tendency to form gum. The gumming-up of a passage is the more inten- 
sive with a greater pressure drop, or higher temperature of the oil. Gumming 
can be eliminated by imparting axial or rocking oscillation to one of the 
mating parts forming the passage at a frequency up to 30 cps and an ampli- 
tude up to 0.02 mm. 
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CHAPTER 9 

HYDRAULIC FLUID POWER LINES 


9-1. Piping Design and Installation 

Djstinction is made tetween simple and complex hjdnulic fluid hna 
which may be short or long 

In a simple line the diameter d and the flow rate Q of oil are constant 
values and no oil is delivered along the way to consumers, i e oil discharge 
IS only of the transmission typo Complex fluid lines consist of an arrangement 
of simple lines connected in senes in parallel or in a combination of the two 
The greater part of the pressure loss in a short line is due to local resist- 
ances to flow Machine t*'"' ** "" * -'•r 

consequently, *Jocalre^ 

Linear pressure iossm 

I > 100 d, where d is the inside diameter of the piping 
**N*-* ^*I1ig prpssiiro losses due to lo cal res istances can be determined fairly accu- 
\ately in cases 'vhen the dist5ffcc“beniecD"adjacent resistances is at least 
if It IS less, the losses can he determined only approximately 
'■“No standards or recommendations exist to limit the permissible pressure 
losses They are difficult to foresee because much depends upon how well the 
installation j ob has bee n donp, upon the a mount and types of hydraul ic 
app ratus employed^ tne number of pipe fittinrs.^tlmi r quali ty, etc 
iit^esigmiig^'a hydraulic fluid line, the length I of the liner the flow rate Q 
of the fluid passing through the line, nnd its density must be guen ihe 
values to be calculated a re the ninPi. diame ler d andt he p ressure loss Ap 
Diameter d is determined on the basis of the fluid flow rate 9^nd'^owTeIoc=^ 
ity in the piping, then the pressure loss Jp is calculated Oil flow \eloci- 
ties in the lines of machine tool hydraulic systems are selected in the range 
from 1 to 7 m per sec, depending upon the length of the line and pipe diam 
eter, 'conditions under which the hydraulic apparatus is installed, the number 
of local resistances and the shape of the pipe fittings A Dow velocity of 
u = 6 to 7 m per «ec is suitable for holes in jointing surfaces, in control 
valves and in distribution devices In ail other cases, a value u<3 to 4 m 
per sec is recommended, depending upon the pipe diameter Thus for a 
pipe diameter d = 12 to 50 mm, the recommended range is u = 3 to 

3 5 m per sec, while for d > 50 mm, the Aelocity should be u = 3 5 to 

4 m per sec 
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The inside diameter of the line is found from the formula 

do ^4.6 ]/ ^ mm 


(80) 


where Q = flow rate, litres per min 

V = oil velocity, m per sec. _ „ .j 

As a rule, the hydraulic systems of machine tools have short fluid lines 
end, therefore, only pressure losses due to local resistances are determined, 
i.e. as a fraction of the velocity head. Thus 

Ap = K(sV^ 

hill, since v = ^, then Ap — K^y 

2 lp = 4.5x lO^y/io^fe hgf per sq cm {(81) 

- 6^0 

where y = weight per unit volume (specific weight) of oil, kgf per cu cm 
g ~ acceleration of gravity, m per sec* 

Q = flow rate, litres per min 

do = inside diameter of hydraulic fluid line, mm 
A’o = dimensionless total coefficient of local pressure losses in the pres- 
sure and return lines, determined by the formula 


where a is the correction factor for the degree of turbulence 

r2,000’\0.28 
" ” I Re ) 


(82) 

((S3) 


whore /vj = total coefficient of local pressure losses in the pressure line 
A'o = total coefficient of local pressure losses in the return line 
Fn = rod end area of the power piston 
Fi = head end area of the power piston 
Re = Reynolds number. 

It has been shown by various experiments that the values of the coeffi- 
cienl< of local pressure losses for oil differ only slightly from those for water 
which are listed in many handbooks. 

in smne cases, in desicning the hydraulic system of a machine tool with 
divided now. u will prove more expedient to use equation (SO), but in the 
nenerali'/.ed form. Thus, introducing the notation 


d.o 


2sd!i 
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2 1 

Tvo can \^rite 

(S, j 

tthere the dimension of Q is litre per min 
The coefficients ^ of local resistances arc determined e\perimentallj 
Certain representative values of these coefficients ire f = 0 3 for a pipe 
bent to a radius r =* (2 5 to 5) d for screwed elbows ^ = 0 72 ^ = 10 0 for 
A ball \alve and C = 2 5 for a check (nonreturn) \il%e Addin? togctiier 
the coefficients of local resistances separately for the pressure and return 
line« we obtain the total coefficients of local pressure losses ind A. Thu 

+ ^2 -f ^3 + and As = 4- Ts + 

After substituting these values of A, and in equation (82) wc deter 
mine the total coefficient A'o of local pressure Joshes 
The flow rate through the passages in hydraulic appirilus is determined 
from the formula 

^(p,-P2) m 

Nvhero /u = discharge coefficient for oil ft ^ f (lie) in the RejnoJds number 
range Re = 40 to 40 000 =* 0 CO to 0 65 for holes with shirp 

edges and fx s 0 8 to 0 9 for holes with rounded or blunted edges 
The form of the cross section docs not appreciably aflcct the 
discharge coefficient (it is almost identical for instance 
for a narrow slit and for i clearance in the form of an annular 
slit) 

f = cross sectional area of the oil passage 
Pi~P 2 — pressure drop in the passage 

In calculation of flow through throttles [t is taken from 0 72 to 0 74 
The hydraulic systems of machine tools are nssembled of seamless steel 
cold drawTi tubing or hot rolled pipe Copper tubing according to USSR 
Std GOST G17 53 is used in the Sonet Union for interior installation in 
crowded places Pipes (or tubes) arc connected together or to hydraulic 
components by moms of \ arious fittings that comply with co\ ernment stand 
ards or the standards of one branch of industry (EMMS standards for 
machine tools in the USSR) 

Cold drawn tubing is used for lines with an outside diameter d^<30 mm 
hot rolled pipe for do>30 mm The pipe and tubing are made of steel 10 
or 20 according to USSR Std OOST lOoO GO 

Flared type tube fittings (Fig 76) are used in connecting copper and thin 
walled steel tubing (with a wall thickness d<l 0 mm) according to U'^^SR 
Std GOST 8734 58 and 8732 58 The maximum permissible pressure for 
copper tubing is Vmas ~ ^ ^8^ P®*" 
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Fig. 7G. Flarcd-typo tube fitting: Fig. 77. Wolded-type pipe fitting: 

7 -conncctIon: 2— nut; 3— support 3— connection; 2— nut; 3— ball-end sleeve 

sleeve 


Welding (Fig. 77) is used to join thick-walled steel pipe (^>2 mm) to 
the fitting. For pressures of p<200 kgf per sq cm, pipe of steel 10 with an 
outside diameter 4 <63 mm and wall thickness ^<8 mm is used; for 
pro.s.sures p<320 kgf per sq cm, pipe of steel 20 is used with the same do 
and d dimensions. 

Welded-flange fittings (Fig. 78) are used for pipe in the size range {io> 
■> 63 mm. If the pipe is of steel 20, the wall thickness will range from 6 to 
20 mm, in accordance with the pressure. 

Threaded piping is sometimes used for direct connection to components 
(Fig. 70) in crowded places to facilitate installation. 

Steel tubing or pipe is cut off to the required length in a special machine 
which also makes a chamfer 45° x 0.5 mm for the weld. Joints are made by 
d-c welding with a 3-mm electrode, grade yOHFI 13-45. It is advisable 
to galvanize the thread of fittings to protect them against corrosion. 

Tubing is bent in special pipe or tube bending machines. Tubes with an 
outside diameter do<30 mm and thickness (5<2 mm are bent cold with- 
out filling them with sand or other supporting material. Tubing of larger 
diameter is filled with dry sand before bonding. Tubing or pipe is tested 
with hydrostatic pressure before being installed in the machine tool. Sound 
t ube.-; and pipe are sealed at both ends with plugs to keep them clean inside. 
Scale and sand that may remain in piping after bending and welding must 
be carefully cleaned out. 

1 he ajiplication of considerable force in installing piping must lie avoid- 
ed as it may lead to the distortion of the thread on the pipe, fittings or 
apparatus. 

On the basis of USSR Std GOST 356-52 (now superseded by GOST 356-59), 
the EMMS Institute worked out standard H4.3-1 stipulating the convention- 
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^Ig 78 Welded flange pipertting Fig 79 Threaded piping conncclion 

1 — connection a— flange 
J— packing pipe 


al \\orking and test pressures for pumps hydraulic motors povser cjJin 
dors and hydraulic ipparatus 

All of the control and adjusting npparalus is designed to withstand the 
conuentional pressure (pe) on the assumption that it is not subject to surges 
ind other shocks Pumps intended for continuous operation are usuallj 
designed on the bisis of the working pressure (Pu) In testing tho strength 
of fluid power lines pump bodies and other apparatus the test pressure (pi} 
IS used It IS i«signcd in accordance with the con\cntiona] pressure and at 
2 5 -c* Pc <500 kgf per «q cm pt being from 60 to 30 per cent higher 
than pe 

9-2 Volumetric Changes in the Hydraulic System 

The forces that dc^elop in the h>draulic system arc applied to the working 
fluid ind are transmitted to the piping The piping is deformed and Us cipic 
ily IS changed The rate at which the deformation takes place is ^c^y low 
Therefore the inertia of the mass being deformed can be neglected and anj 
intermediate position cm be regarded as being m equilibrium 

The work done by the internal clastic forces is equal to tint of the cxtcrml 
forces that are con\erted into potential energy of the deformed sjstem 
Upon variations in the load the accumulated potential energy is capable 
umier definite conditions of changing the speed and acceleration of ilie 
hydraulic motor in the system and of Molating Us steady motion This pro 
motc> the deiclopment of Mbration in the hydraulic system 
Tilt work done in comprc'ising the fluid is 

A = Ist-cm 


(85) 
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whore — pressure increirient in the system, kgf per .=■] cm 

Y = volume iu cu cm ol the oil in tlie system on the dcli^ ci , side 
wliicli equals one half the volume of the power cylinder (in 
a rectilinear motion drive) plus the volume of the delivery 
line plus one half the pump delivery per revolution (in a rotary 
drive, the volume V includes one half the hydraulic motor 
input per revolution instead of one half the cylinder volume) 
p and po ~ hnal and initial pressures, respectively, in the system, hgf 
per sq cm 

= oil compressibility factor (see Sec. 8-2). 

This work is converted into heat, raising the oil temperature. 

(Jil is lieated to an even greater degree by throttling. Those changes in 
oil leinperature effect corresponding changes in the volume of the system. 
Moreover, as a result of volumetric losses from leakage, the amount of oil 
eirculaling in the system changes and affects the volume of the system. 

'I'he capacity of a hydraulic system to offer resistance to acting forces is 
called its 

If the volume of a hydraulic system changes due to the action of elastic 
forces, this change characterizes the dynamic rigidity of the system. The 
smaller the accumulated potential energy of the deformed mass, the larger 
the dynamic rigidity. 

'I'lio volumetric losses of the circulating oil characterize the kinematic 
rigidity of the system. The lower this inde.v, i.e. the higher the leakage, the 
more nonuniform the. operation of the hydraulic motor will he. 

ll is not, however, the volumetric losses that are of prime importance 
in evaluating the kinematic rigidity of a system, but the variation .in these 
losses in accordance with the operating conditions and the nature of the load. 

Volumetric losses due to leakages in the system are determined by the 
equation 


^Ja~^Pi> ^'1 per min (SG) 

where o total cocfliciont of volumetric losses in the system (pump, control 
panel and hydraulic motor), cm^/min per 1 kgf/cm" 

Pp i)ump pressure, kgf per sq cm, 
lielow are given the values of the coefficient of volumetric losses o for 
certain typ(‘S and sizes of Soviet-made pumps. 


Uelary piston pumps 
709 712 

o, (54 433 


715 

320 


Vane pumps, 

Y’l litic'/min — r .5 
a, rtti'’yi;gf-min " -'I'j.o 


nmtlel 1M2. with 

8 12 18 25 
40.5 55 72 09 


V <05 kgf /cm 2 

35 50 70 100 200 
77 103 12.3 123 233 
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Gear pumps, model If 22, «ith p<25 kgf/cm* 

Q, htres/mm = 12 18 25 35 50 70 100 125 
cr, cm*/kgf mm = 144 160 250 300 366 500 560 480 


The volumetric losses in the hydraulic apparatus, control panels and 
potter cylinders are substantially smaller (only one per cent or e\cn lc«!s) 
than those in pumps 

Elastic deformation of a hydraulic system is made up of the compression 
of the oil and the distortion of the piping It follotts from equation (70) 
that the reduction in the volume of oil is 


AV ~ — cu cm 


(87) 


tthere V = \olume of the piping and passages in the hydraulic system at 
p = 0, cu cm 

K = bulk modulus of elasticity of the oil 
Ap s= pressure increase in the system, Kgf per sq cm 

K — 6 X 10* kgf per sq cm 


The piping is deformed to the maximum extent in the radial direction 
The reloli\e change in the oil density in the piping is determined from 
the equation [see also equation (75)) 


where p and po initial pressures, respecti\cl>, in the piping. 

The change in the radius of the pipe cross section under the action of the 
pressure, corresponding to this ^alue of pressure drop Ap, is 


7?— /7o = = 


P-~P0 _ D» ^ 


tthere 7?o and H = initial and final radii, respectnely, of the pipe 
d = pipe wall thickness 

E = modulus of elasticity of the pipe material. 

Tlie work done in compressing the oil in the piping I^ee equation (85)] is 

where I is the length of the pipe. 

After substituting 

d{ao) = -f-d{iip) 

and integrating, we obtain 

A„ = ^{dp)’ kgf-cm 


IS-303 
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The compressibility constant of the oil in the same piping is 

6=--^- kgf 

Zh. 

and the reduction of the volume of oil in the piping is 

AV = 6 Ap cu cm (88) 

The work done in expanding the walls of the piping is 

Aj, = IuRqI ^Apd {AR) kgf-cm 

Substituting AR = ^Ap (see above) and integrating, we have 

where 6i is the elastic constant of the piping, and is equal to 

Consequently, the increase in the volume of the piping due to the^defor- 
malion of its walls is 

AVp — 6iAp cu cm (89) 

Tlien, the work done to produce the clastic deformation of the hydraulic 
system (compression of the oil plus the change in thickness of the pipe walls) is 

/lo = A,p -^Ap = {eA- e,) {Apf = 00 {Apf kgf-cm (90) 

where 0o = 0 -f 0^ is the total compressibility constant of the system. 
Tlie corresponding change in tlie volume of the hydraulic system is 

AVq = AV A- AVp — {6 Ap-=.d^Ap cu cm (91) 


The compressibility constant of the oil in the power cylinder, if the drive 
is for rectilinear motion, and 0,, the elastic constant of the rnalerial used 
for the walls of the power cylinder, are determined from the followdng 
equations: 


/C) hllL' Pi 

2K - 2K ’ 


where R^ -= radiiis of the cylinder 
1 1 -- length of the cylinder 
dj “ cylinder wall thickness 
I'l ~ cross-sectional area of the cylinder. 
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The total potential energy of the hydraulic system is determined by employ- 
ing equation (90) Thus 

£p = (0o+c/',f,)(^p)* kgf-cm (92) 

where 

' = (ir+-^) ‘I ™ p" '-Bi 

and 

0o = (0+j9i) cm® per kgf 

The ratio of the compressibility constants 6 and 6^ of the oil and 
piping IS 

e 3tnil6E SE 
©, " ZKtRll ~ iKHa 

Thus, the compressibility constant 6 of the oil is times as large as 
the compressibility constant of the piping 

For c\amplc, if d » 0 2 cm, £ *= 2 x 10* kgf per sq cm, A =* i 6 x 
X 10^ kgf per 'q cm and /?o =» 1 3 cm, then 

& 0 2X2X10* 0 2X10* .A 

*“^X1 hxKHxl 3** ^08 

In certain ca«es (depending upon the piping diameter and wall thickness), 
the elastic constant di of the piping can be disregarded 
Equation (90) finds application m calculating the rigidity of a hydraulic 
system and its natural frequency and in investigations of unsteady motion 
Equation (91) is u«ed to determine the time lag, or response time, of hydrau- 
lic apparatus 

If equation (91) is written in the form 

po" 

where Q is the flow rate of oil, cu cm per mm, deli\ered to the gi\en hydrau- 
lic deMcc 

It follows that 

t = ^ (.P 2 — P,) mm (93) 

Thus, the larger the compressibility constant Og of the 'tyslcm, the long- 
er, all other things being eqinl the respon'=e lime of the hydraulic appa- 
ratus 

The aelocity of pre«sure puNc propagation in a hydraulic system depends 
upon the diameter of the piping and the oil \iscosity, but is not affected 
whatsoescr by the pres'^ure Hence at a low aiscosity (3 to S^E), this velocity 
is u = 1,050 to 1 150 m per 'cc while at a high viscosity, v = 7'iO m per 
sec for a pipe diameter d — 5 mm and v — i 000 m per sec for d = 12 mm 

15» 



CHAPTER 10 

PUMPS 


10-1. Types of Positive-Displacement Pumps 

Pumps, in whicli llie conversion of energy occurs in the process of displac- 
ing the liquid from the working chambers, are called positive-displacement 
pumps. The working chamber of such pumps is a cavity or pocket capable 
of changing its volume periodically and connected, alternately, to the 
Slid ion and discharge cavities of the pump. In these pumps the suction and 
discharge cavities are hermetically .separated from each other. 

The part of the pump that directly participates in the process of displac- 
ing the liquid from the working chambers is called the impelling element 
(piston, plunger, vane, etc.). 

Positive-displacement pumps may differ greatly in construction and are 
classihod, in accordance with the nature of the liijuid-displacing proce.ss they 
employ, into reciprocating and rotary pumps. In the former, the liquid is 
displaced from stationary working chambers, i.e. only due to the recipro- 
cating motion of the impelling elements (pistons or plungers), as in the 
Soviet-made eccentric-driven pumps, model PIT. In rotary pumps, liquid 
displacement is a result of rotary or rotary-reciprocating motion of the 
impelling elements. 

Hotary pumps can he divided into the purely rotary type, in which the 
imiielling elements only rotate, as in screw and gear pumps, and rotary 
piston pumps, in which the impelling elements (plungers) reciprocate, in 
addition to rotation, in respect to the rotating cylinder body. 

In accordance with the form of the impelling elements and the method 
resorted to to clo.se off the volume of liquid being di.splaccd, pumps operating 
with rotary-reciprocating motion are classified as vane pumps, for example 
model ri2, radial rotary piston pumps ns, model ri3, and axial, rotary piston 
pumps as model Mrih. 

In positive-displacement pumps, the working chamber is formed in the 
suction cavity as a result of simultaneous motion of the rotor and .separat- 
ing element, or of the rotor and stator. At a definite moment in time the 
volume of liquid that has entered the working chamber is clo.sed off’ and 
isolated from the suction and discharge cavities of the pump. At the next 
moment, this volume is squeezed or forced into the discharge cavity As tiie 
liquid is carried from one cavity to the other, there is always a tendency 
to compress the volume of liquid locked in the working chamber This 
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reduces the pump efficiency, lieils the liquid and subjects the parts of the 
pump to an additional load 

Valve distribution is rarely used in rotary pumps In «!ome ca^es, this 
function IS fulfilled by passages in the central pintle on i\hich the cjlinder 
body rotates 

In rotary piston pumps with a\ial arrangement of the cylinders in the 
rotating body, a special di«!k with holes in an end face is u«ed for dislnbu 
tion It is called a vahc-plalc facer This facer is stationary in certain 
models, it rotates in synchrony witli the cylinder body, or barrel, in 
others 

All rotary pumps are in\crlible, i e they can operate both as pumps which 
consume energy, and as hydraulic motors which transmit energy 


10-2. Pump Characteristics and Size Range 

In posltl^e-dlsplaceraent pumps, the delivery should not \ary with the 
load, 1 e the theoretical characteristic Qo~ ) ip) o! any posili\c»displace- 
ment pump is a horizontal straight line m a rectangular co ordinate system 
(lino cHo in Fig 80) Howc\er, due to inc\itable \olumetnc los'cs in the 
pump, the actual characteristic Q will be a straight line inclined at an angle 
in respect to the theoretical characteristic 

The higher the \olumctric losses in the pump, the larger this angle will 
be Operating point K on the actual characteristic Q = f (p) for gi\en 
operating conditions is at the intcr«eclioti of the hydraulic resistance char- 
acteristic a of the pipeline and the actual pump characteristic It follows 
that the required pump pressure pp, set up by adjusting the spring of the 
relief \alvc, is Pp = -f "here p, is the pressure needed to o\ercome 
the load of the liydraulic motor and dp i5 the pressure loss in the hydraulic 
system of the machine tool, determined by the piping characteristic I«eo 
equation (8f)] The distance qp on the axis of ordinates is u«ied to determine 
the control factor ip of the pump and therefore the minimum speed of the 
power cylinder piston or shaft of a rotary hydraulic motor Thus 



where Kp = pump constant, cu cm per rcaolution 
n — speed, rpm, of the pump rotor 

The length q (in cu cm per min) on the axis of ordinates shows the aolu- 
metne losses of the pump at maximum procure The \olumetric loss cocffi 
cient of the pump is ap = ^-2- em'/kgf min (i e in cmVmin per 1 kgl/cm*) 
Flow control sharply changes the actual characteristic of a pump Opent- 
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iru? point A',, in this case, is the intersection of the hydraulic resistance 
characlerislic a of the piping and the flow control valve characteristic 
Qth (hlg- The area elide between the characteristics is the surplus deliv- 
('ry of the pump whicli must he drained back to the tank through the relief 
valve, Tliis valve maintains a constant pressure pmax in the system. Con- 
scrjuently, any type of flow control requires that the volumetric loss charac- 
teristic c}] of the pump bo located above the jlow control characteristic Qth 
over the whole range of pressure regulation Od = pp. 

H the change in the area Fi of the orihee in the flow control valve is plot- 
ted on the same graph, hut at another scale, the point corresponding to 
ero'^s-seclional area An marks the beginning of flow control of the pump 
dolivory. In the interval Fmix ~ I'\ of orifice area variation, the flow con- 
trol valve cannot change the pump delivery since the hydraulic resistance 
Ap' in the piping is higher than that of the flow control valve. Therefore, 
in iKing flow rontrol, the resistance of the piping must he reduced in order 
to expand the range of pump delivery regulation. This is done by increasing 
(he diameter of the piping, reducing the number of sources of local losses, 
elc. The ebaractoristic of the hydraulic resistance in the piping does not 
depend upon (he type or construction of the pump. It depends oiilv upon the 
dimensions of the piping, the number and types of fillings and control 
nppnmlus. 
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The pressure head in the suction line during'pump operation is 

m 

where = atmospheric pressure, metres of mercury or water column 
end ^ = respective densities of oil and water (or mercury) expres'sed 
in the same units 

Ht = difference in the levels of the free surface of the oil in the tank 
and in the suction chamber of the pump, m 
k = pressure head in the suction line, m 
V = oil ^cloclty in the suction line, m per sec 
g — acceleration of graxity, m per sec* 
hi = pressure loss in the suction line, m 
hi, = pressure loss in the pump body, m. 

Therefore, the permissible suction lift is 

At the limiting, or so-called critical, suction height cavitation occurs; 
the oil begins to generate \apour mtcnsuely, the stream of oil in the suc- 
tion pipe breaks away from the walls, and the cross section of the stream 
IS narrowed 

CaMtation sets in at the moment when the pressure in the suction pipe 
IS reduced to the oil \apour tension at the guen temperature Accordinglj, 
the critical suction height is determined by the condition 11, -max — //i-oii, 
where lU-oii is pressure of the oil \apour at the given temperature /. 
The vapour tension is the pressure of a liquid at which, at a given tempera- 
ture. it begins to boil and free evaporation takes place The vapours of the 
working fluid, mineral oil in this case, fill all the enclosed space in the suc- 
tion chamber to the saturation point The vapour tension of oil is very low 
and this promotes severe infiltration of air into the suction chamber of the 
pump, cspeciall> when the oil is hot Hence, the suction line must be 
absolutely airtight This is «ometimcs achieved by immersing the pump in 
the oil tank 

Mineral oil always contains dissolved air in an amount ranging from 7 5 
to 13 5 per cent by volume This allects the suction capacity of the pump 
and its characteristic A certain reduction m liquid delivery is ob«ervcd 
in continuous operation of a pump This is associated with foaming of the 
oil and the formation of an air oil emulsion As a result, the suction cham- 
ber is onl> partly filled with oil Attempts to remove the di««olved air from 
the oil by the prolonged action of a vacuum have not been successful; the 
oil IS intensively emulsified and its elasticity is changed 
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Tlie dissolved air has been observed to display greater activity in rotary 
piston pumps than, for example, in gear pumps. This is probably due to the 
ob'ocl of the dead space in the working chambers of piston pumps. 

The formation of a gaseous phase may have two causes: the mechanical 
entrainment of atmospheric air by the oil during the suction period, and 
the evolution of the air dissolved in the oil. 

There sliould bo no mechanical entrainment of the air if the suction line 
is absolutely airtight and the oil velocity is within normal limits. 

The evolution of dissolved air from the oil in the suction period depends 
upon the absorption factor e and is of a regular nature, its magnitude being 
constant at a given oil temperature. If the factor e is known, w’e can deter- 
mine the amount of air evolved from the oil when the pressure is reduced in 
the suction chamber. Mineral oils with kinematic viscosities v = 2, 3.5 and 
10 sq cm per sec, have absorption factors £ = 0.07, 0.072 and 0.08, 
respectively. 

In addition to useful work, the power consumed by a pump is expended 
in overcoming; (a) mechanical losses due to friction in the pump mechanism, 
(h) pressure losses as the oil flows through the pump channels and the deliv- 
ery and drain lines, and (c) volumetric losses of the pump. Thus, the 
power input of the pump is 

where A'^ = power used in doing useful work 



p — pressure in the hydraulic motor (or cylinder) 

Q — oil flow rate through the hydraulic motor 
A = conversion factor 

jVv = power expended in compensating for volumetric losses in the pump 


AV = 


Pp<i 

~ 


Pp 

Ap 


- p + zip 

pressure losses in the delivery and drain linos of the hydraulic 
system; see equation (81) 

(j == volumetric losses, q = (r,pp; see Fig. 80. 

Iho power iV/, expended in overcoming friction and hydraulic losses in 
the pump, IS determined by the mechanical efficiency of the pump. Thus 






in which 
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where JVi = — indicited power of the pump 

^0 = gcometnc'il deluery of the pump (‘see Tig 80) 

Ap = power input of the pump which IS determined with T woltmclor, 

tikinginto account the efficiencj of the electric motor The 
power input can be more accurately determined from tlie torque 
measured by an electric dymmometer with a flontmg frime 
Vk = hydriultc efficiency 

The power A'/ can also bo determined as the difierence Np — A A\ , 

but this will require that the input power Aj, of the pump be known 

The hydraulic efficiency Vh characterizes tlie pressure loss in a pump due 
to oil flow through the internal channels in the pump body Thus 

where po * pressure of the oil as it enters the pump body channels 
Pi =s pressure of the oil Iea\inff the channels 

The pressure difference Po — Pi =» ^Pt is determined on n spocnl test 
stand and is then used in the equation 

kgf per «q cm (95) 

where A. is the constant depending upon the shape of the channels in the 
pump body 

This constant is similar to the total coclficienl in equation (82) Hence, 
the overall efficiency of the pump equals 

% *= VvVmVh 

The hydraulic efficiency is usually quite high = 0 985 to 0 970 and 
need therefore be determined only for new models of pumps 

Investigations have shown that the power required to compensate for 
volumetric losses increases with the oil temperature and therefore with the 
time tint the pump is in continuous operation On the other hand the power 
required to overcome the friction forces is substantially reduced with an 
increase in oil temperature 

The output or delivery is the principal characteristic of a hydraulic 
pump as are the rate of flow through control apparatus and the displacement 
of a hydraulic cylinder In the Soviet Union the rates of flow have been 
standardized by ENIMS leginning with the value i8 litres per min the 
values constitute a geometrical «ones with the ratio 9) = 1 41 
Standard senes of ptirap deliveries Jn litres per min 
0 5 i 2 3 5 8 12 18 25 3o 50 "0 fOO 140 
200 280 400 5G0 800 1 120 1 eOO 2 250 3 200 
4 500 G 300 9 000 and 12 000 
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The minimum delivery of pumps used in the hydraulic drives of machine 
tools has been taken as Qmin = 3 litres per min, and the maximum delivery 
Qmax 400 litres per min. 

Proper pump selection, as regards the model, delivery and pressure devel- 
oped by the pump, are of prime importance in designing hydraulically oper- 
ated machine tools. Performance of the machine tool may depend upon how 
correctly this choice has been made. 

The machine tool industry of the USSR manufactures a series of exten- 
sively used models of constant- and variable-displacement pumps for various 
deliveries and pressures. These include: 

1. Variable-displacement radial piston pumps, model PIS: (a) with 
a manually controlled displacement and having a delivery range Q = 5Q 
to 200 litres per min at a pressure of /? = 200 kgf per sq cm, model BPIS- 
21A: (b) with hydraulic controls and having a delivery range (? = 30 to 
200 litres per min at a pressure of p = 75 kgf per sq cm, model BFIS-IGA*; 

(c) with elcctrohydraulic controls and having a delivery range (? = 15 to 
100 litres per min at a pressure of p = 100 kgf per sq cm, model ri3-15A; 

(d) with a delivery range (? = 30 to 200 litres per min at a pressure of p = 
= 75 kgf per sq cm, model ri3-16A, and (e) with hydraulic servosystem 
controls and having a delivery range Q = 15 to 50 litres per min at 
a pressure of p = 200 kgf per sq cm, model Bfl3-24A. 

Rotary piston pumps with reversible delivery are intended for use in 
the hydraulic systems of heavy machine tools having a high pull capacity 
and operating at high speeds (slottcrs, broaching machines, planers, 
etc.). 


2. Conslant-displacemonl nonreversible-delivery vane pumps with a deliv- 
ery in the range = 3 to 200 litres per min at a pressure up to p = 65 kgf 
per sq cm, of both the single and double types. Double vane pumps are used 
for various combinations of deliveries and for various pressures. Pumps with 
a hiuh delivery arc designed for pressures up to 25 kgf per sq cm; those fol- 
low deUvery— for pressures up to 65 kgf per sq cm. 

Vane pumps are widely employed in hydraulic machine tools with flow 
control in which the operative units travel at low speed and with heavy 
cutting pressures. Double pumps, also called two-volume, low- and high- 
piesMiie pumps, aie applied in circuits of machine tools operating with 
rapid traverse motions and slow working feeds. Here the low-pressure, high- 
delivery pump is used for rapid traverse. 

:i. Dear pumps with a delivery in the range Q = 12 to 125 litres per min 
at a pre-ure of pj 13 kg per sq cm, model Tll-l, and with a delivery 
in (he y - 12 to 140 hires per min at a pressure of p = 25 kgf per sq 
cm. model 1 11-2. Gear pumps find application in the hydraulic systems of 


Me till' hydraulic circuits of niacliine tools in Figs. 201. 207, 209 and 213 (Vol. 
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machine tools operating at medium and low pressures and at high speeds 
(grinders, honing machines, etc) 

4 Combination pumps axial piston pumps combined with \ane pumps 
and having the following deliveries axial pumps— ^ = 3 to 8 litres per 
min at a pressure of p = 100 kgf per sq cm, and vane pumps— = 25 to 
100 litres per mm at a pressure of p = 25 kgf per sq cm in any combination 
of deluenes Such combination pumps (model ri4) are u^ed in hydraulical- 
ly operated machine tools operating on an automatic cjcle,* and al«o for 
\arious auxiliary do\ices, for example, to clamp the blank, to clamp the 
tailstock spindle, etc. 


10<3. Pump Operation. Automating 
the Hydraulic Power Unit 

Both single and dual— senes or pdrallel— pump operation methods are 
u«ed in the hydraulic systems of macliinc tools Sc ^s pump operation is 
iise d^ incj ic asp the pressure i n the system, for instant, duniTJ? the working 
tra\cl oTthe liy^rauucTnottfr Parallel pump operation , in ^^hlch the deh\- 
ery is corrospondinely increased, is used to ouialn rapid traverse motTolIS', 
as rapid approacTnrrnT'wilhdrawal of an operative unit, rclffa^-e ol ttle 
mu^d workpiece and clamping of the next blank in handling devices, etc 
Separate and simultaneous operation systems of the pumps arc widely u«cd 
in these circuits The pump is always switched over from one mode of opera- 
tion to another automatically The pulse for actuating the automatic controls 
is usually produced by an increa«c in pressure in the system; in-travol con- 
trols are also frequently used 

A circuit for separate pump operation can be made up of separate standard 
hydraulic apparatus if the overall dimensions of the machine tool arc not 
specified or the required delivery of the pumps exceeds ~150 litres per 
min. Otherwise a «equcncing control panel (model r53 in the USSR), contain- 
ing all the automatic controls, can be used 

The diagram of a circuit made up of standard apparatus for separate opera- 
tion of pumps, is shov>n in Fig 81 For rapid forward travel of the piston, 
the discharges Qj and Qj from the two pumps are admitted in parallel to the 
power cylinder along lines 12 3 4 and 5 4, co that the piston moves rapidlj 
to the right The pressure of the pump at this moment depends upon the 
friction losses and the backpressure (if provided for in the circuit) and is 

^ + ■'Sf I®' ‘1 ™ w 

• See Fic 183 (\ol 1) which shows i \ariablc displacement piston pump Ppf and 
two Nine pumps P\ and P* 
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Fig. SI. Circuit for the separate operation oT two pumps: 

line from low-prc.'surc ptimp (llscimrgc; 2— check valve, model PSl; C—biickprcssurc valve, 
model r54; 5 — relief valve, model r52, of high-pressure pump 



I ig. 82 Circuit for the siniult.ancous 


operation of two pumps 
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where 2*5' = total friction force (see Sec 11 3), kgf 

Pi = backpressure in the power cjlinder, kgf per cq cm 
Fi and Fi — head and rod end piston areas, ''q cm 

The pressure ps is set by adjusting spring 10 of the low pressure relief 
^ ah e The force exerted bj the spring is found from the equation 

where Gi = force exerted by the spring, kgf 
^ = 1 1 to 1 15 s= assurance factor 
dj = piston diameter of relief \aKc TS'i 
Combining the last two equations and «oKing for the required force of 
the spring we obtain 

= Igt (98) 

When the load is applied, the pump pressure increases It al«o increi«es 
in line 3 8 so that check \ al\ c closes off di<cliaigc from (he pump Then, 
under the action of pressure pi (pi> Pb)> piston C of the low-pressure relief 
naUc is shifted upward, and line / 7 is connected to the tank 
After the load is applied, the pressure in the system is 

p,=-j|- (P+2'S +Pzfz) i-st per sg cm (99) 

where P = load, kgf 

2*5 = total friction force when the piston traNcls under load, kgf 
The spring of relief > al\ e of the high-pressure pump is adjusted to a pres 
sure pp = Pi -fAp, where Ap js the pressure lo's in the discharge and 
drain lines [see equation (81)J 

During piston tra\el under load discharge Qi of the pump drains back to 
the tank at almost zero pressure “O that the pump consumes onl> a slight 
amount of power 

Upon rapid tn\or«e of the piston the power required bj the hjdraulic 
power unit is 

= t"' (100) 

where Q, and are the rcspecti\e deliaenec, litres per mm, of the pumps 
at Ps kgf/cm* 

The power required b> the <ame power unit when the piston (raids 
under load, is 

A„ = -rL-<'’'>e.+P.<?,) tw (101) 
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I 5-^ Ps(P,) 


^ 0 ^ 

sJcr 


t ^ I?. F. ^ I 

Fig. 81. Circuit for tlie separate operation of t\vo pumps: 

line Irom low-pressure pump (llsclinrgc; 2— clicck valve, model PSl; C— backpressure valve 
model r54; 3— relief valve, model r52, of high-pressure pump 
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Fi". S2 Circuit for llie sinnillanoous operation of two pumps 
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where S'S' = total friction force (sec Sec 11-3), kgf 

Pi = backpressure in the power cylinder, kgf per sq cm 
Fi and — head and rod end piston areas, sq cm 

The pressure ps is set by adjusting spring 10 of the low-pressure relief 
\ahe The force exerted by the spring is found from the equation 

= kgf per sq cm (97) 

where Gi = force exerted by the spring, kgf 
A = 1 1 to 1 15 = assurance factor 
= piston diameter of relief \aUe PSl 

Combining the last two equations and soUing for the required force of 
the spring we obtain 

= = '‘S' (88) 

When the load is applied, the pump pressure increases It al«o increases 
in line 5 8 so that check \alve closes oR di«charge from the pump Then, 
under the action of pressure pi (Pi> Ps), piston 6 of the low pressure relief 
•\al\e IS shifted upward, and line 1 7 is connected to the tank 

After the load is applied, the pressure in the system is 

p,=X(p+2S +PiFi) kgr per sq cm (99) 

where P = load, kgf 

2 5 = total friction force when the piston travels under load, kgf. 

The spring of relief \aUc 5 of the high pressure pump is adjusted to a pres 
sure pp s= Pi -j-^p, where is the pressure loss in the discharge and 
dram lines (see equation (81)} 

During piston travel under load, discharge Qi of the pump drains hack to 
the tank at almost zero pressure so that the pump consumes only a slight 
amount of power 

Upon rapid traNcrse of the piston the power required by the hydraulic 
power unit is 

A’s = -|^((?. + (?.) kW (100) 

where Qj and are the respoctne deliveries, hires per min, of the pumps 
at ps kgf/cm’' 

The power required b> the ‘same power unit when the piston travels 
under load, is 

'''““'clrfPsGi+PiC'!) k'v (101) 
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whore p's is the pressure of the pump with delivery Qi when the piston 
travels under load. As a rule 

p's = 0.0 to 0.8 kgf per sq cm 

The diagram of a circuit for simultaneous operation of pumps, assembled 
of standard hydraulic apparatus, is shown in Fig. 82. Special control panels 
for simultaneous pump operation are not manufactured in the Soviet Union. 

The pressure setting pc for .spring G is determined from equation (97) 
and. as long as it exceeds the rapid traverse pressure ps, both pumps, PI 
and P2, deliver oil to the power cylinder. Pump PI delivers oil through line 
2-3-4 and pump P2, through line 5-3-4. Thus, at point 3, the discharges of 
the two pumps are added together. 

As the pressure in the system increases, force Pj, acting on the end of the 
piston of valve 6, becomes larger than the effort pc of the spring in the same 
valve. Consequently, the valve piston is shifted upward, connecting the 
discharge lino 7-8-9-10 of pump PI with the suction line of pump P2 so that 
the pumps begin to operate in series. 

Item 11 in Fig. 82 is a check valve, model FSl, while item 12 is a relief 
valve, model r.52. 

In the series operation of pumps, it is necessary to comply with the con- 
dition that the delivery of pump PI must he larger than that of pump P2 by 
an amomit at least as large as the volumetric losses of pump P2. Thus 

Qi'>{Qz + <J 2 ^P) litres per min (f02) 

where Ap is the increase in pressure in the system, i. e. 

^P = {P\~Ps) kgf per sq cm 

In principle, any increase in pressure can be obtained by connecting 
several i)umps in .series. This measure, however, lowers the efficiency of the 
power unit. The greater the number of pumps operating in sorie.s, the loAver 
the overall efliciency of the power unit. This efficiency should never be less 
than 0..")r) or 0..'i0. 

The power requirement for the working stroke is 

= + kW (103) 


In order to reduce the required pump discharge and, consequently, the 
])o\\ei icquiiement, some circuits make use of the oil exhausted from the rod 
P'Vyor cylinder. Three-po.sition four-way directional valves, model 
-1 or ..bl-//i-l, with open centre and closed e.xhaust (Fig. 83) are used. 
If the pi.>;lon rod diameter is d, the rapid forward traver.se of the piston is 


Vo = 


UQi-Qz) 


(104) 
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It IS not always necessary however to 
use oil exhausted from the cylinder to 
increase the speed of travel The application 
of this method depends upon the ratio of 
the rapid traverse speed to the rate of 
working tr•^^cl i and the ratio of the 
piston area to the cross sectional area of 
the rod 

It follows from the equation ^ 

that the delivery of the low pressure pump 
should be 

= (105) 

It IS OMdent from the last equation that 

D'i 

at ^<-^5- the dcluery of the low pressure 
pump IS not required 
In some cases the operating cycle of the 
machine tool requires the provision of inter 
vals in pump operation (during loading and 
clamping operations blank and work han 
dling setting up motions etc ) These 
intervals are usually effected by one of two methods (1) shutting oil pump 
delivery in which ca«e the whole di’^cliarge of the pump is drained to the 
tank through a relief valve and the power consumed b> the pump is con 
verted into heat and (2) b> appijing a special device which unloads the 
discharge at practically zero pressure to the tank 
Shutting off pump discharge is economically feasible only for short 
intervals or at rclativelj low pressures With prolonged intervals and/or 
high pressures such a circuit is subject to ctcc'^sive healing of the oil and 
a substantial drop in cfficicnc> 

If directional control >alvc model CF 1 (Fig Ma) is u«ed for tins purpo«c 
the ends of the power cylinder will bo shut off in the central position of llie 
valve and the whole di«charge of the pump will be unloaded to the tank 
through the longitudinal chanr el in the valve piston at almost zero prc'surc 
If the whole system is to I e unloaded in this way use can Ic made of 
directional control valve model r73 1 or FT-i 1 (Fig 8^ib) with an open 
centre and all ports open to exhaust 

In connection witli the fact that oil asany other liquid isvcry rc«pon«J\e 
to volumetric losses due to low compressibility it is necessary to develop 





Fig 83 Circuit i)«in8 c’clnu«lod 
oil for increasng powir^piston 
speed 

P! and pr— pumps threa-poslilon 
lour way directional val\e model 
2r71 1 
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I'lR. S-i. Circuit for unloading 
di.^charRc lliroiigli a directional 
valve: 


pump 

control 


-"-directional control valve, 
inodeic.! 3— backpressure valve, mode! 
I. ■4. ^-punip; 5-t.ank; c-directlonar contro 
valve, model ir7'.-l 


Fig. So. Circuit for automatic unloading 
0! pump discharge by means of an accumu- 
lator: 


^—■backpressure valve, model 
vniv/. accumulator: J— check 

vahe, mmlc rs 1 : 3-pump: 6-tank: r-accu- 
muiator spring characteristic 


so that the wi.olc do heTf„ld";'M’“ '’‘“,“''■''‘■8'= 

a..ro the consumed power heing cmn-morin rimat F u^^*' P"'®' 

o.vpodicMil circuit is one in wliirh tho reason, a more 

tlio i)rc.>:sure drops in the system. The efrenh ^ periodically as 

a -‘^pnng-typo accumulator 3 wliicli resnnndc ^ incorporates 

•'^y.-teni, icsponds to changes of pressure in the 

llie required clamping pressure P cpi „r. i j- 
relief and unloading valve 2 (model TVif adjusting the spring of 

•*^liould ho -ilie force e.verted by the spring 

g=pj!L 

Z)2 
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\\herc rfj = diamclcr of the piston of ^aI\e 2 
D = diameter of the clamping piston 
In a similar ^\aJ, the force exerted by the accumulator spring should be 


where is the diameter of the accumulator plunger, 

When the accumulator is charged to maximum pressure pmax, unloading 
\al\c 2 IS operated, bypassing the discharge of the pump to the tank at zero 
pressure This continues until the pressure drops to the mwimum 
Pmin The larger the xolume of the accumulator, the le^s frcqucntlj the 
pump xvill he cut into the circuit The minimum xolume of the accumulator, 
the xolume of a single charge, is 

V, = h » (-^ g;) ' cu cm 

\\hcrc Pmox = maximum pressure m the s>stem xxluch usuallj docs not 
exceed 12 kgf per sq cm 

Ptnin = minimum pressure iii the s>slem, kgf per sq cm 
c = rigidity of the accumulator spring, kgf per cm. 

In air- or gas operated accumulators (Fig 80), the air (or gas) is usuall> 
separated from the oil by a diaphragm, floating piston 5 or a rubber bladder 
Sometimes accumulators with direct contact of the tno media arc employed, 
it is advisable to ««e nitrogen (a neutral gas) instead of air in such ca®es 
The accumulator has a xahe box 3 with txvo check xalxes, 1 and 2 Oil 
from the pump is admitted through xaKc 2 into bottle 4 of the accumulator, 
and is discharged into the sjstem through xahe 1 
Air- or gas operated accumulators of this design have a great amount of 
dead space since full discharge of the oil is impos'^ible as the gas maj p«capc 
into llie working cjlindcr This condition is prevented bj limiting the 
minimum pressure, ‘electing the spring of xaixe 1 properlj for this purpose 
Then if the pressure drops below the preset value, the accumulator is auto 
matically cut out of the sjstem 
The minimum permissible pressure m the sjslem is 

P”'"=-rnr^ 

Thus, It can he ®oen that onfj about ZQ por cent of the xolume of the accii- 
miihtor IS utilized The maximum pressure of the accumulator is limited 
bj the spring of \al\e G (model Fii) 

Uhilc the accumulator is being charged, the pressure line to llie power 
pi«ton is cut off The pump is cut in and it delivers oil through check xalve 7 
(model I 51) into xalve box 3 and accumulator bottled Jlio prc«siirc in- 
crca«C3, and floating piston 5 moves upward. comprc««ing the air in the upper 


16-303 
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Fii’. 80, Circuit for unloadinif pump flischarso by means of sn air-operated accutnula 
tor (a) and the accumuJator characteristic (b): 

3 — valve boi; c — backpressure valve, moilel Fat, lor cutting out the pump 


end of the bottle. When the preset pre.=s«re is reached, valve 0 is actuated, 
the pressure line i.s closed off hy check valve 7. and the purnjj is switched 
over to the tank to which oil is delivered at almost zero pressure. 

If the pressure end of the accumulator is connected to the pressure line 
k-adiii" to the power cylinder, the accumulator maintain the given 
pres-ure. compensating for volumetric losses in the system in the range 
prmx-p'-.fr.. When the pressure falls below valve G returns to its 

initial position, the pump is automatically cut in and the pres-sure is 
raised to pmex- 

.\ circuit of this type can he used, not only for various clamping facilities, 
hut in case- wlien it is necessary to increase the fast-response of 'a hydrau- 
lic motor fpo’ver cylinder or rotary motor), for example, in engaging 
a clutch, etc. v - - 

I'he minimum volume of air required in the accumulator bottle is 



( 107 ) 
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tthere q = required volume of liquid in tlic accumulator 

_ degree of pressure nouuniformitj in the sjstem, u«uall> 
equal to 0 10 2 

z = polytropic cur\e factor of air compression and expansion 
determined from the equation pQIk = const, i c 


. Pmax 
' Ptnln 




(lOS) 


In the equations for <p and z, llie letter p denotes the pressure in the iccu 
muhtor and denotes the \olumc of air in the bottle at the corresponding 
pressure The poljtropic cur\c factor i is within the limits 1 <C z < 1 4 
The required Nolume of the bottle of an air operated accumulator is 

Q = q + QA=qU +^~ — ) (109) 

' /l rT“l ' 


For tentatne calculations, it can Le assumed that 


then 


C)^e:(8 to 10) g 
Q^(0 to \i)q 


im 



CHAPTER 11 

HYDRAULIC CYLINDERS AND ROTARY MOTORS 


11-1, Types of Hydraulic Cylinders 


Tlie hydraulic cylinder is a posilive-displacemenl reciprocating hydrau- 
lic motor which converts the energy of a liquid into the kinetic energy of 
the moving piston or cylinder. 

Hydraulic cylinders have found widespread application in many types of 
machinery, including machine tools, due to their simple construction, high 
dejiendahility in operation, comparatively low cost and the possibility 
of providing efficient packing. 

As should any motor, the hydraulic cylinder must have the highest possi- 
ble efficiency which depends mainly upon the design of the sealing facilities, 
packing material and its coefficient of friction. 

.\ great many different arrangements and designs of hydraulic cylinders 
have been developed to comply with various operating conditions and for 
various capacities. Nevertheless, the most widely employed type in the 
engineering industries is the asymmetrical hydraulic cylinder (with the rod 
on one side), as shown in Fig. 87, due to its wide versatility and small size 
{Jj > 21 — b) as compared to a .symmetrical cylinder {L > 2>l — 2b, see 
Fig. 88) having a douhlc-end rod. 

If oil is delivered at the .same rale of flow first to the head (left) end of 
an a.‘;ymmetrical (single-end rod) cylinder, and then to the rod (right) end, 
the velocity of the piston will he different in the two cases since 


and therefore 


■'iO 


and 


Vn = 


AQ 






If both ends of the cylinder are connected to the discharge line of the pump 
(in a differential circuit) the piston will travel rapidly oiAhe forward stroke 
i(see Fig. 88, Eq. (lO'i) and also Figs. 172, 191, and 201 of Vol 1)] 

llie use of double-end rod cylinders, which may involve an increase in 
the ovorall dimensions of the machine tool .since L = 3/ — 2b («ee Ficr 88) 
can he avoided, and the forward and reverse speeds can he made equal iii 
a single-end rod cylinder by designing the cros.s-.sectional area of the rod 

to be one half of the piston area, i.e. .so that JL 

1/2 


^ 0.71 D. This 
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Fig 87 Calculation diagram for a single end rod po^ver olindcr 




jiT-f 

' 

r=;^- 

J 




Fig 83 Diagram of a double end rod po\\er cjlinder 
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Fig. 89. Hydraulic limited rotary motor: 

/_vnnc; e— sector separating tlie pressure .and drain lines; a— rack pinion; -/—table rack; J— vane 

shaft 


may be required in sucli machines as grinders. Then, when the piston travels 
loathe right, both ends of the cylinder are connected together and to the 
pump so that the delivery into the head end is proportional to = Id"-. 

When the piston travels to the left, only the rod end is connected to the 
pump, the head end drains to the tank and the delivery into the rod end 
is proportional to D~ — d-~ d~. 

In a single-acting hydraulic cylinder oil is delivered under pressure only 
to one end, so that the piston can travel in only one direction under the 
pre.ssure generated by the pump. The piston must be returned, in this case, 
by some other .source of energy such as a spring, compressed air, etc. 

The pistons of double-acting cylinders travel in both directions under the 
action of the pressure produced by the pump. 

The two ends of double-end rod cylinders have the same effective area, 
i.e. /' j — (big- S8). 'ihe effective areas in the ends of single-end rod 
cylinders (Fig. 87) differ since 






Limited rotarij motors, iii which the vane has a limited rotary motion in 
r(•^pe(;t to the cylinder (big. 89), find e.\tensive application in the feed 
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mechanisms of machine tools in the handling devices of transfer machines 
in uinl built michine tools and in various lUYiliarj mechanisms In accord 
ance uith the purpose of the motor its output shaft may be linked to the 
drnen mechanism in various nays either through a pinion and nek arrange- 
ment (Fig 89fl) to provide reciprocating motion, through a pinion and 
segment gear (Fig 89&) for rotary oscillating motion or through a ratchet 
mechanism if intermittent motion is required Upon each oscillation through 
an angle a a vane with the width B displaces t volume of oil equal to 
y (/?" — j^)B where a is expressed in radians and R and r arc the large and 
small radii of the cylinder (Fig 89) If the number of vane oscillations is 
denoted by n the displacement per minute will be 

_ r*)nD , . 

Q~ litres per min 

In ca<5es when the oscillating cylinder drives the work table of a machine 
tool tluough the gearing shown m Fig 89a the table speed is 
i>, = nmzin 

where i = ratio of the bevel gearing 
m = module of the rack pinion 
z = number of teeth on the rack pimon 
Combining the last two equations vve obtain 

n^—^2— i:i_ 

— r^)lf 'nn:» 


llciico the required deliver j pci minute is 



' i-imi ' ' 

(HI) 

For a value of a~2a 


(HI ) 

The torque developed 

on the shaft of the oscillating motor is 



M,=p^{ir-T-‘) 

(H2) 

and the force everted b> 

the oil on the vane is 



P = pB{R~r) 



It IS evident from equation (111) that if a limited rotary motor is u«icd 
a low delivery pump can provide high table speeds providing that iht 
values m z and i have been propcrlj ^elected 
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Fir. QO. PUiiigcv sysloms: 

{(!) simple system; <6) telescopic system 


Bocatiso ot Uio liinited rigidtly of the vanes, limited votary motors are 
not used for pressures p > 10 to 12 hgf per sq cm. 

Ill machine tools operating with a liigh pulling force or with a long piston 
.stroke (for example, broaching machines), the piston rod is subject to a ten- 
sile load, ,«o that the working stroke in Fig. 87 is from right to left, along 
arrow iv- 

In plunger sy.qenLs (Fig. 90) the plunger is usually subject to a buckling 
load. Die axial load can be decreased by making the plunger of hollow 
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Fjg 91 Diagnm of a summatins lijdnMlic power cjlinJer 
/— Iwo-pojftlon ^e^ef^in): directional tal\e TaKc for swltclilni: o\cr pump deli\eri J-pl|ot 
^alv« tat cyeraMns the reeersinc vahe <— piston 

design Thus 

s,=.s(i-^ 

where 

s=PX'^ 

Plunger systems are emplojed in tele«5Copic hjdraulic c\lindcrs (Fig 00f») 
m which the total stroke //mu* of all tl‘o plungers can he substantially 
longer than the length //mm of the cjliiider Such sjstems are charactonrod 
by the number of stages (from two to si^), each stngo ha\ing a stroke up to 
1,500 mm Summating lijdraulic c>lindcrs (Fig 91) are frequentlj used to 
Nary piston speeds in a stopped range or to obtain seteral different pulling 
forces • When the discharge Q of the pump is delt\cred simu»aneousl> to 

• Sec also Fig 183 (No) 1 ) m which another t>pc of «ummating cylinilrr :s cmplojctl 
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botli right-hand ports of the cylinder, piston 4 travels at its lowest speed 

4Q 


Vunin— _ D\) — StDl 

The middle speed of the piston is 


siD'^ 


“ .T (Z?2 — 

and it is obtained by delivering the discharge of the pump to port a, 
port b being connected to the tank. The ma.vimum speed of the piston is 

Vmax— 

It is obtained by delivery to port b with port a connected to the tank. 
The pulling forces for each step vary inversely proportional to the piston 

speeds. Thus, P^ncx = P = P^{D^ — D\) and P„xin = P ^ • 

lleturn strokes are obtained by delivering oil to port c. 

If the pressure developed by the pump is insufficient, use is made of 
a hydraulic intensifier, or booster which enables the pressure to be in- 
creased to the required value (Fig. 92). 

Cylinder 7 and upright 3 of the intensifier are rigidly mounted in the bed 
of the machine. The movable member is plunger -2. In charging the intensifier, 
the spool of directional valve 9 is shifted to the left. At this, plunger 2 
begins to travel upwards since the pump delivers oil through check valve 4 
and upright 3 into the cavity of plunger 2. At the same time, oil is admitted 
into the rod end of hydraulic cylinder 5 to shift its piston to the initial position. 
In this position, the system is charged and ready for the working stroke. 

The working stroke is started by shifting the spool of valve 9 to the right. 
Thi.c connccls discharge line pj, to the upper end of intensifier cylinder 7; 
llie pressure forces plunger 2 downwards delivering oil at a pressure to the 
head end of cylinder 5. 

From equilibrium conditions for plunger 2 it follows that 

PpP i-pG — 2 *5' = Pif 

Tiierefore the pre.'-sure in the hydraulic cylinder is 

„ F, ,G~y,s 

Pi^Pp — -] ~~ (113) 

where !\ = cross-sectional area of the plunger 

/ ~ — cros.s-sectional area of the upright 

G — - weight of the plunger 

-- total friction of the packing in the cylinder and plunger of the 
intensiiier. 
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Fig 92 Inlensificr circuit iliagrim 

/— Intcnsifler cylinder intensiller rJunccr d— upriirbt <— check vaUe, model TSl i— power 
cylinder t — tank 7— pump backpressure vaire model rst J-— directional ralve 


In cases in t\hicli the piston speed must he \aned in a large range, for 
example 200 1, and the stroke is \ery long, the rigidity of the hydraulic 
system IS considerably reduced due to the large capacity. The need for such 
a long cylinder can bo axoided by employing a rotary hydraulic motor, for 
example model MF-lS (USSR), linking its output shaft by suitable toothed 
gearing to the rack of the work table 
Rotary hydraulic motors must liaxe a sufficiently high \olumctrjc offi- 
ciencj that xariations in load do not appreciably affect the speed of the 
machine tool unit, for example work table, that is being dn\cn 
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Bv a corresponding selection of the gearing ratio between the output shaft 
of the rotary motor and the table rack, it is possible to obtain very small 
movements of the table, much smaller than would be possible using a hydrau- 
lic cylinder. 

The minimum speeds and the range of speed variation with the output 
flow passing through a metering valve (metering-out arrangement) are given 
in Table 3 for rotary hydraulic motors of the MT-IS series. 


TABLE 3 


Rem 

Model 

i Mr 151 j 

' 1 

j Mr 152 1 

Mr 153a 1 

1 

Mr 154a 

i 

Mr i55a 

Minimum speed, rpm 

Haiigo of motor .speed 
variation 

16* 

•to 

150 ; 1* 

8* 

30 

260: 1* 

4* 

20 

450; 1* 

2 * 

20 

650 ; 1 * 

20 

1,300; I* 


* Willi mclcriiiR-oul controls. 


If this type of axial-piston motor is arranged to operate in conjunction 
with a self-priming pump (see Fig. 82), they can operate as pumps wJiich 
increase the pressure during the working stroke. 

'ihe motor housing 10 (Fig. 93) contains cylinder barrel 1 with pistons 2, 
driving disk 3 with tappets 4 and drive shaft 7. Disk 3 is keyed on shaft 7. 
C\ Under barrel I, mounted freely on the .same shaft and located by a narrow 
band, is driven by disk 3 only through driving stud 8. 

Ihe ladial liall bearing of shaft / is mounted in cover -5; the othei' end 
of the shaft is supported by a bearing in the distributing disk. This disk 
has channels for connection to the pressure and return lines. The disk has 
four ports separated by partitions. Two serve for suction and two for dis- 

ci.ugc. Cjhnder barrel 1 is connected through these ports mth the suction 
niul discharge hues. 


Tlif oil pressure developed by lire pump eels on pislons 2 which pnsh 

n'’?S-er ’inf’ ' n"’®' mounled 

m coier o at a dchnilc angle to drive shaft 7. ^ 

ofTho by resolving the normal forces and the forces 

'riiroiudi stud 5 dick 9 d driving disk 3 by means of tappets 4. 

onTvSaf orc^ cylinder barrel 1. Thus the tappets transmit 

hv the tannol'? for whirh nn ® ^ tangential forces are carried 

disk 3 .* ' ^ rj oso *cy hai e ample bearing surfaces in driving 










Fig 03 Hjdraulic aMal {uston molor, model MFIS. dp^ifmed b> EMMS' 
/•-c>llnclcr barrel 8— piston j— driTta; disk, <— tappet «— co%er, «— ball thnist bearlne r— 
(Irnc Bhatt, j— driving stud 9— spring for bolding tbe barrel against tbe distributing disk, ;o— molor 
bousing 



Fig 9i Po^er c>lindcr construction 
i— cylinder tube f— bracket j— spilt fastener ring e— front cover J— paekine c 
for lioldlng the naeklnc cup r— interchangeable rod end 9— set sere* for locking 
Intermediate washer of the packing gland iO— aeallOK ring //—piston sealing cup 
//—nut. //—rear cover washer /f— piston /7— rod /»— clevis /»— bovs i 


up tf— snap ring 
the rod end » — 
//—lock washer 
/O— packing seal 
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'.15. Ciisliionotl j.owor cylirulcr; 

/— tiii.lilorilinr rliij;; i‘ (iiid iilr-l.lfedlnc pliii's; ^—iirnckct; 5— throttle vnive; C— clicck v.'ilvi 


Ilyflrntilic cyliiulcrs are usually assembled \iuils consisting of cylindci 
lube 7 (I'ig. lirackets 2 for mounting tlic cylinder on tlie macliinc 

covers and </ with halos for connection to tlio pressure and exhaust 
linos, rod J7 and packing .'f. 

In pendulum cylinders (Fig. Odh), the brackets are replaced by clevis 'J8. 

Ilrackets 2 are fastened to cylinder tube J witli half rings 3. Such a con- 
struction facilitates manufacture. Annular grooves arc turned for this purpose 
in the tube to hold the two half-rijtgs. 

Hydraulic cylinders designed with a cushioning device for reversals have 
a somewhat longer seating surface on the rod for the piston (Fig 05) Tapered 
rn.g J ,s l.ilod on the packing side of the rod behind the piston while a plain 
cylindrical part of the rod projects from the opposite end of the piston. 

he escajung niiid is forced to pa.^^s through choice or needle valves J, 
‘ K "SC'I to regulate the cushioning effect. Chock 
Naive, 6 mounted ,n the heads permit oil to enter for the return stroke. 

Aftei ring 7 enters the closely fitted counlerboro in the head the oil can 

lion'Tnr welled T'’ '' the decclera- 


(USSli''sul 7 ;'oST’'K 7 ‘?-S^^^ n’"' i'lo m,uk of stool 

^ui (,()b h/„2-.jS). Overall dimensions of Soviet-made cv^iTu 1 or^ 

1-11 li.'irls mill flio nilos for llicir histiill.il ion .-ukI for livrlroolntic^nrcomiiT 
irs rl,|,nlnlr,l l,y KMMS J-Of-lO and 'liTo 


! !m follownit^ (hninclors of liydraulir rvIinflfM’c; nnri n * t 

MlO ri»ir»<irvT» J- 
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TABLE 4 


Cylinder diameter 

D mm 

Pump dlachar^ 

Q 

lltrea/mln 

Minimum rreesure | 
Pm/n «n » 

kgf/cm» 

Permissible «olu 
metric losses ? at 

1 maximum pressure, 
cmVmln 

45. 55 

35 

4 

4 to 5 

65, 75. 90 

70 

2 5 to 3 5 

0 0 

105. 125 

100 

1 5 to 2 

10 to 12 

150, 180 

140 

0 5 to 1 

15 to 18 


The choice of the tjpo and diameter of a hydraulic cjhndcr depends upon 
the operating cycle of the machine, i e upon the working and rapid t^a^c^«c 
motions and the required force 

All hydrnuhcallj operated machine tools can he classified tentalncly 
into three groups in accordance with the piston speed and force required 

A Group of grinders and honing machines operating with small forces 
and high piston speeds, pressure ranges up to 20 kgf per sq cm and the power 
rating is up to 4 5 or 5 k\V 

B Group of planers slottcrs and broaching machines operating at high 
pressure (up to 70 or 75 kgf per sq cm), mem piston speeds range up to 30 
or 35 m per min and the power rating is up to 50 or GO k\V 

C Group of lathes boring, drilling and milling machine's operating with 
largo forces and low working speeds (up to i»i ^ 0 5 m per min) the prc's'urc 
in the system may range up to 60 or 65 kgf per 'q cm and the power rating 
up to 3 or 4 kW 

The diameter of the cjlinder is selected in a different wa> for each group 
Thus, for machine tools of group A, this diameter is cilculaled on the 
basis of the gi>en ratio of forward and return ‘speeds, yj and tj, respect i\ cly 
In this way 

a=4=]"'i— ir 


If approximatelj equal forward and return -speeds are required, the rod 
diamctei should be d — (0 2 to 0 3) Z? 

In designing machine tools of groups B and C the cjlintlcr diameter is 
cho-son on the La-sis of the gi>en useful load /»„ after fir-t ^electing the pres 
sure p in the cylinder in accordance with this load 


1 to 2 1 to 3 3 to 5 5 to 10 

15 35 50 C5 


Pu Ions = 
k^/cm* = 
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Thus if the useful load is given, and the pressure p in kgf per sq cm 
in the cylinder has been assigned, the piston diameter can be readily deter- 
mined from the equation 

Z) = 2]/^ ■— (115) 

The rod diameter for these groups is usually mthin the limits d = (0.5 
to 0.7) D. The final values of the cylinder and rod diameters are corrected 
in Soviet practice to those listed in USSR Std GOST 6540-53 and ENIMS 
standard H21-3. 

I'aking into consideration the cylinder manufacturing processes, require- 
ments made to hydraulic system rigidity, installation conditions and other 
factors, it is advisable to keep the ratio of the cylinder length I to its diame- 
ter D at values less than 20. 


11-2. Packings and Seals 

Packings and seals are used for both movable and fixed joints. In either 
case, they may ho of adjustable or self-tightening design. 

In stationary applications, packings and seals must ensure airtightness 
in tlic whole range of working pressures and temperatures; they must he 
convenient in assembly and readily disassembled. 

The degree of airtightness in movable joints is characterized by the amount 
of working fluid that leaks through the packing in unit time. Therefore, 
lim maximum leakage is limited by standards and depends upon the type 
and material of the packing or seal, and the purpose of the hydraulic device 
in which it is to be installed. 

In adjustable packingthe sealing effect is produced by tightening an adapt- 
er; the tightening force may vary in a wide range and depends upon the 
skill of the filter that is making the adjustment. 

Fixed joints that are tightened by bolls may be of the plain or gasket ‘ 
iyi)e. The sealing effect is produced in plain joints (ones without gaskets) 
by machining the contacting .surfaces to a sufficiently high class of finish , 
(KUh or IHh according to USSR Std GOST 278f)-59). The second vital factor 
innuendug airtighlncss is the tendency of the contacting surfaces to wetting. 
Experience show.s that it is easier to seal unweltablc surfaces, especiallv 
if they are coaled with a thin layer of fat or oil. 

If the contacting surfaces are only ground, a gasket is used to improve 
the tight ne.« of the joint. The radial forces tending to force the maskel out 
of the joint increa.se with the thickness of the gasket. Thin gaskets, such as 
5 lacing paper coaled with fat or oil, are used to reduce these radial forces. 

n self -tightening movable and stationary seals and packings, the pressure 
of the nuul promotes the sealing enect. The higher the fluid pressure, the 
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hclfcr tho airljghtno«s of the picking (or «eil) A nece«ir\ condition for 
rdiabilit> and iirtightne^s of «elf tightening packing is initnl compre^ion 
or preloading produced bj squeezing the packing will ^ome tightening 
ficilitics 

U cup5 ire i\idel> u«cd for stilionirj «clf tightening packing applications 
(Fig 9ba and b) These cups are homogeneous m design ind are midc in 
moulds from oil resistant rubber grides 3825 and 400i according to Speci 
ficitions 1166 58 of the USSR Ministr> of the Chemical Industries 
To instill the U cup roce^ces 2 to 2 5 mm deep ire made in the contacting 
face of each of tlie parts to be joined The V cup 3 is installed uilh i slight 
interference in the groo^e formed bj the rece<«es and the bolts are drami 
up to fasten tbo two parts The pressure of the fluid inside the cup holds 
Its sealing lips against the walls of the recc«s with a force proportional to 
the pressure 

U cup packing is espcciallj con\eniont in connecting piping to a h>driu 
he doMce pump etc (Fig 966) 

Tho material of the packing must meet certain definite requirements 
It must retain its strength under \anous Ijpcs of loads it must withstand 
the pressure and temperature of the hjdraulic fluid it mu«t not ah orh tho 
fluid nor decompose or be oxidized b> the action of the fluid 
Soft packing of plastics ba«ed on oil resistant rubber (Fig 97fl) is widelj 
emplojed for scaling reciprocating components The number of cups in 
a stack (Fig 976 and c) depends upon the sliding speed and the fluid pressure 
At high sliding speeds (as in grinders for example) no more than two cups 
arc u«od so as to reduce tho friction forces and tho rate of wear More cups 
are emplojed for higher pressures and lower sliding speed* 

\ccotding to EMMS standard ASS 1 the oil resistant rubier of cup* 
tj pe 38_o from rf — 12 mm and up can be replaced bj cotton cloth (LSSn 
Std COSl Gi2 4l) impregnated with an oi] reSisl'^nl and grapbitized com 
pound 

The force with which the cups arc compressed can I e adjusted bj the u«e 
of a sot of shim* 1 (Fig 9/c) made of 1 mm sheet steel The slums arc 
removed as required and the adapter i* drawn up tight 

\nothcr tjpc of L cup packing with a thicker 1 odj (P-ig 97if) i* finding 
widespread application for sealing piston* and rod* These cup* are prcloaded 
Ij the clasticitj of (he cup material and Ij properlj selecting the angle 
at which the side* are inclined Thc«e cup* are noted for tl eir low friction 
and comparativcJ} high dependa}ihl> 

0 rinrr and quad ring packings and gasket* (Fig 97e and /) made of the 
same oiT resistant nil I er grade 382> a* mentioned ahoxc provide excellent 
service m stationarv separable and movable applicatior« Such rings art 
higUK rosiUont and have a large coefficient of comprossil ilil j 0 ring can 
1 0 installed in half round (fig 9Sa) or vee (Fig 986) groove* Rectangular 
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Fig 09 Prp«'iirc ^flrIallon of 0 ring'» of 
various hardness <f » 2 G mni and 

M 

“ 0 12. along tlicir length of contact 


Fig l(t> ltp«ilipncc of 0 ring'< (/) 

and quad rings (2) of various hardni'S 
>s tilt jirrs’-iin of the medium lumg 
«pal<d It) 0 rings ha\p hardnc't* of 
70, 80 and 90, the quad-ring lnrdnp<a 


groo\es (Fig 98c) are ii'^cd for both 0 ring*: and cjund-rinc« Vec and half 
round groo\cs are applicable for prc««urc« up lo /> = 70 kgf per sq cm; ring 
can be ea«ily installed in them or rcmo\cd It is ad\ isnble to use rcctnnculn 
grooNCs for higher pressure-^ (up to p = 120 kgf per sq cm); they c.in be 
used for both stationarj and moA.nble applications 

At high and CNtra high prc'-siires. up to p = COO kgf per sq cm, ring" 2 
are installed together with two iionc\lrusioii rings / and J (Fig. 98d) Under 
pressure the ring is shifted in the direction the prc'^urc ,icts It is deformed 
and, as a result, makes tight contact witli the "urfacis to he sealed The ruhber 
acts as would a \iscous fluid, transmitting prc'-sure in all directions 
It IS e\idcnl from the pre««urc*dis|rihutiou curve- for 0 rings (Fig. 00) 
that the prc«-uro is not uniform along the Icngtii of contact I of the ring. 
Of great importance is the hardiic— of the ring I hii« for example, for a ring 
with a Sliore hardnc«s of 00 the point with the miximum scaling pre—ure 
IS located at a di-tancc of 0 5 to 0 b mm from the origin of the co ordin.ifr- 
sjslcm (point where the fluid pressure isapplicd) Ihesnlmg pressure tlieii 
drops ami is almost eqii.il to zero at a distance of 2 mm In soft rings (Shorr 
Inrdnc-s GO to 70). tlie pressure of the ring almo-t coincides wjih tlie fluid 
pressure p o\er tlie whole length I of ring contact 
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The ratio of the seal length I to the ring diameter d indicates the resili- 
ence of the cross-sectional shape of the ring. 

The curves of Fig. 100 show that the hardness of the ring material has 
no appreciable effect on the resilience. On the other hand, the shape of the 
cross section does affect the resilience. For example, the resilience of 
a quad-ring is only about one half of that of an 0-ring of the same hardness. 

The shape of the ring also affects its sealing properties. Thus even thoiigli 
a quad-ring is less resilient than an 0-ring, it seals a piston belter at the 
same fluid pressure (Fig. 101). 

The application of plastics for packing cups enables them to be manufac- 
tured with the most rational shapes, and permits the preload to be varied. 
By changing the components of the plastic it is possible to produce a packing 
that is more suitable to the working conditions, to vary the coefficient of 
friction, etc. This cannot be done if the packing is made of materials of ani- 
mal or vegetable origin (leather, hemp, etc.). The hardness, for instance, 
of the plastic ring or cup is varied by changing the sulphur content; zinc 
oxide is added to the mixture to provide resilience; the addition of sool and 
graphite changes the heat conduction, etc. 

A plastic packing fits tightly to the surface being sealed. Hence, this 
surface must be machined to a high mirror finish to avoid premature wear 
of the packing; annular scratches and tool marks are especially harmful 
in this respect. The height of the irregularities on the surface being sealed 
must not exceed 0. 4-0.8 microns. 

The use of cast-iron split piston rings (made of grade CH 21-40 C.I. accord- 
ing to USSR Std GOST 1412-54) is a universal method of sealing pistons 
-operating with various types of fluids at pressures up to 500 kgf per sq cm. 
The rings are initially held against the wall of the hydraulic cylinder 
(Fig. 102) by their internal elastic forces o. During operation, the pressure of 
the fluid in the cylinder additionally forces the ring against the cjdinder wall 
over the length b (Fig. 102). The first ring is subject to the maximum pressure 
di'op Ap' — (0.75 to 0.8)/?. If the pressure drop is excessively large, i.c. 
Ap > 250 kgf per sq cm, the ring is forced against the groove in the piston. 
As a result, the piston ring is jammed and loses its sealing properties. 

It has been proved in practice that the service life of metallic piston rings 
is many times longer than that of plastic packings. 

In the Soviet Union, piston rings for hj^draulic pistons from 30 to 1,000 nun 
in diameter have been standardized by ENIMS Std A54-1. 

The use of pistons without any packing or seal is based on precise lapping-in 
•of the surfaces to be sealed to obtain micron clearances. There is very little 
friction if the piston and cylinder tube are carefully machined and assembled, 
and good leakproof properties are obtained if a concentric (symmetrical) 
diametral clearance is maintained between the piston and bore. This arrange- 
ment is highly sensitive to changes in temperature of the fluid, and seizing 





so 100 ISO 200 

Fig. 101 Volumelric losses in the power cjliniler u«inc 0 ring (/) and i]uad ring 
packing ^s tlic pre’s^ure of the mcdiuin Shore hardno«3oflbe rings i« 70, «liding %clocjl> — 
18 cm per «ec 
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of the pistOR may occur if the allowance is too 
small. An eccentric diametral clearance leads 
to the development of unilateral forces that 
may also cause the piston to Jam. Fluid 
leakage is increased in all cases of eccentric 
clearances- 

The provision of annular grooves a — 0.3 mm 
deep and h — 0.5 mm wide (Fig. 103) floats 
the piston, relieving it of unilateral forces. 

Of vital importance in reducing the volu- 
metric losses of such pistons and cylinders 
is a proper selection, in accordance with the 

fluid pressure, of the ratio -j , where I is the 

length of the sealing surface and d is its 
diameter. This sealing arrangement can be 
used for pressures up to /) = 2,000 kgf per 

sq cm, and the ratio y ranges from 0.75 to 


Fig. tot. Press-fit seal for 15. Pistons without packing are used mainly 
a rotating shaft in hydraulic controls (valves, relays, etc.). 

Plastic packings are used at relative veloc- 
ities up to 1.2 m per sec, while sealing by 
lapping-in procedures can he used for relative velocities up to 3 m per sec, 

Pre.s.s-fit seals for rotating shafts of a diameter d = (6 to 300) mm are 
listed in EMMS Std A51-4 (Fig. 104). Here tiie .sealing element is cup 1 
of oil-resistant rubber, grade 3825 or 4004 according to Specifications 
1 160-51 MCI. 

If the preload is applied only by annular spring 2, the peripheral speed 
of (be .‘^haft may reach 12 m per .':ec. If, in addition to spring 2, a fluid pressure 
of p \ kgf per sq cm acts on the cup, the peripheral speed should not e.vceed 
8 in per .«ec. Substituting leather for the oil-resistanl rubber enables the 
permissible peripheral speed to be increased to 10 m per sec. This is evidently 
due to the porous structure of the leather (the pores are filled with lubricant). 

Friction lo.sses in plastic packings and seals depend upon the pressure 
of the Ouid being scaled off, the area of the sealing surface, the coefficient 
of friction between the packing and .'surface being sealed, and the preload. 

The friction force is 


‘5' = 5o-f7?/F kgf (116) 

where -So = preload of the cup -.or ring, kgf 

/ ^ 0.16 to 0.17 " coefficient of friction 
p -- fluid pre.'^sure, kgf per sq cm 
F --- contacting surface of the packing, .sq cm. 
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If ~ IS dcnoled by tp, in 0 ring picking, then 
F = .T/rf = ;ryrf= 

The friction force deielopcd b> metallic piston ring's («oo Fig 102) is 

(117) 

wliorc Pr 1" the procsiire OTerted b> the rings on the cjliiider kgf 

per «q cm 

pr = {^pr-r“o) per sq cm 

where S/'r = •'um of the pre-sitre-s of the rings, kgf per “sq cm (for three ring-* 
2 Pr = 0 83p) 

s = number of rings (ticinll> s -s 3 or -i) 

(7 = 0 5 to 0 G kgf poi «q cm = prclo.id pressure 


11>3. Statics and Dynamics 
of the Hydraulic Cylinder 

The compre«sibilu> of oik is negligible and therefore their pressure is 
transmitted complotel> to the piston, minus the backpre««me and friction 
losses Work transmitted Ip> the fluid is proportional, all otlier conditions 
hciiig equal, to the rate of flow, while the pressure lo«s in the «>etem is pro 
portional to the square of tlie \elocit> 

In its motion the piston must o\crcome («ec Fig 87) the resistance of the 
useful load P, sum of the fiiction forces 2 5, force exerted hj the hackpres- 
snre and the djiiamic force which is required to reach the running speed 
in n gixeii intcrxal of time or, in other words, tijo specified acceleration 
The following sum of foices arc iisinllj referred to as the ’ttalic forces 
acting on the pi«lon 

+ T 

where 71 = P 4- 5 S heing the friction forces in the work tabic w.ijs 
T = S’ + S" Slim of the fnctiun foiccs in the rod picking S’ 
and in the pinion picking S” 

Hence, the force acting on tin piston during acceleration is 

S,^So S„ 

'\IiiIo during stcadj Ir.ixel of the table it is 

S. So 
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When the piston diameter lias been selected or given, the required pressure 
of the oil entering the cylinder is determined from the magnitude of force 
Sj for the acceleration period. 

If the working stroke of the piston is selected in direction (see Fig. 87fl), 
then the force /? = P -f 5' is applied to the rod, subjecting it to a buckling 
load, and the force T = S" -{- S" acts on the piston. 

If the working speed is in the direction h\ (see Fig. S7b) as, for example, 
in broaching machines, the rod is subject to a tensile load which is 

The backpressure So, in this case, acts on the piston. The pressure Pp 
with Avhich the fluid should be discharged from the pump is 


where Pi = pressure in the hydraulic cylinder 

Api = loss of pressure in the pressure and exhaust lines. 
Making use of Bernoulli's equation 


Pp~\-r 


V- 


2e 


•Pi+r^+M 


(118) 


and the equation of continuity 

vFo — ViFi 


where = piston velocity 

V — velocity of the fluid in the pressure line 
/’i = cross-sectional area of the cylinder 
Fq — internal cross-sectional area of the pressure line piping, 
wo can write 


3-)+^- 


(119) 


Since 


ri 


I't 


:> 1, then 1 


Fi 


case, Fo = , where c?o is 

tlie internal diameter of the pressure line piping. Only pressure losses from 
local resistances are taken into consideration. Then 


Pp — Pi — l.Oy 


ia 


-i- l.GyA'o 




and since A'o 1 in equation (SI) 


Pp — Pi-'r kgf per sq cm 


(120) 


in which y is expressed in kgf per cu cm, in 
cm jier sec- and dp in cm. 


cm per sec, F^ in sq cm. 


g in 
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If wc cvpiCsS tlie forces acting on the piston by mcaiib of the corresponding 
areas and pressures for the conditions of steady motion, i.e. for Si = So, 
then 

where p = piessmc to o\ercome the load 

Ps = pressure to overcome the friction forces 
p 2 = backpressure 

and the pressure in the cylinder is 

Pl = P + Ps + />2-^ (121) 

The power transmitted to the h>draiilic cylinder is 

= T o^x'luf ^ 

The indicated power of a hydraulic cylinder is 

A-, = A',-2Vs = p-5^i^ kW (123) 


where fVgsspower lost in o^orcoIlllng the friction forces and the Inck- 
pressure. 

Thus 


lOix'np (Ps + P3 


(12'i) 


The mechanical efficiency of a Iiydraulic cylinder is 




Pp—tipi 


( 12 o) 


if tlie l)ackniP->-lue is ■.pprinltv p rf>\ tar, ns m gyvlPin.. M ill> «!ln>iiti 7 ffl 
3PCCd. lt«= value ma y v.3r^ m n fairly \\u)o. rnni^r — 4 In tn lyf por sij cm. 
In all other case's, pz ~ 0 5 to 1 5 l*gf per sq cm, and can therefore be iicg* 
Icctod 

A lijdraulic piston has one degree of freedom Therefore, llic jio'ition 
of the piston is characterized bj co-ordiiiatc j 
Using d’Alembert’s equation, we can write 




(I2fJ) 


wliero S IS the summated force, acting on Ifio pislon of the hidraiiJjc 
cylinder 


5! i Ml/iI-'M''' ANJJ KO'J'AHY 


\Vli< n III" pi'-ffHi di;irtif|f‘r hf-f-n M-Jccff'fl or I'ivpu, tlir lequiicd pro-im* 
of !i)f oil f tli(- <yliiHl»‘r (inform ififd from llic ni.-iynif udc of force 

y', foi the poiiod. 

If (ho v.oihiiiif -(lol.-e of lIio pi.'^ton h,- ,<-eleried in dirorlion r, (i^ov J'ii'. Hla), 
ll)o„ (ho foiro ]} !> : S’ j*^ .'Ipfdied Jo Jim rod, .‘•nhjecl intr il Jo ji hncklim,' 
io;id. ;i)id (ho foti i- T S" ■] S" :>c(^ on (In* jji^-foji, 

H (ho v.oilin;' ' jiood in lh<‘ din-cJioji (-’j (^oc i'i^, H7h) for examph>, 
ill liio.ohio!' maohino-, (ho /od i,^ j-tihjocl lo a toiij-ijo load wliich i-' 

r = /'-i. 2 .v 

'1 )io hrio|:{oo‘'Mu<- .V;., in (his ca‘=o, acis on llio j»islr/ii. 'I’lio pre^.siux' pf, 
uith uhii’li (ho fhiifl .‘'iionld Ik- di‘-c)iarqod from the pnnif) is 

v,ho;(< p, pio'-MDo in (lu‘ hydraulic cyliiiflcr 

.l/<i lo-' <d pio‘-‘>tire in (ho prcs‘-(ne and oxliaii'-l limxs. 

M.ii.iii” n‘o <d l>o! tioiilli's equalion 


fh> 


y- 


t)' 


Pi 


y .. 


dpi 


( 118 ) 


and the oqnalion ol c<»iilinni(y 


v.hoio 

r 

/■. 

/■„ 

v.o ran 


pi-(on v(do('i(y 

\olo(-i(y <»f (he flnid in (he pre‘-‘^nre line 
CIO-' ‘oct ioiial aiea of (lie cylinder 

iidoinal ci(o.‘----cc| jfoial area of (he pr(*>-'iiro line |)ipin£i[, 

Wlilo 


Pf- Pi r () -dpt 


“Hit o 


■'"'i 

"T 


(I Ml) 
where fh, i-; 


«' !■ lio n I - ' - - - . Ill iliii^ ca>-e, 

tin- inlojiifil diaini'tor of (he pre-.-nie line pipiiio. Only [)i’e'---nre lof-'-e- from 
io( ,d H - j. lain O- aio (ahoii into con- iderat ion. Then' 


Pi 






and ' III' r A , 


I in o(pialioii (.S|) 


It! '.'.hi< h ;■ e 

> !!i ]>‘ t ' I'l ■ 


Pi /'! -l.itpA,, *1'- |;i>i per Mj cm 


(lao) 


I \ pi." i ii 111 (,t’f pm 
.Old it, in cm. 


cu cm, r, in cm per -^ec, /’, in -.(j cm, p in 
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If \\c c\p^ca^ tlic forces acting on the pi«ton bj meant) of the corresponding 
aieas and pressures for the conditions of steady motion, i e for ^S, = So, 
then 

^ PiF, = pFi + P^Ff-t-PsF, 

\\here p = pie-^sure to osercomc the load 

Ps = pressure to o\ercomc the friction forces 
pz — backpressure 

and the pressure in the cylinder is 

P, = P+Ps^Pi-^ ( 121 ) 

The power trancmitlod to tlie hydraulic cjlindor is 

( 122 ) 

The indicated power of a hydraulic cylinder is 

A-,=A’i-A’s = p , - ^,V^V >■"’ ('23) 


where A^s^po^cr lost in o\orcoming the friction forces and tlio Inck- 
prossurc 


Thus 


lOix'io* r] ) 


( 124 ) 


The raechamcal efficicncj of a hjdraulic cjhndcr is 
„„ . Ps+PZ-^ 


Pp—Ap, 


( 125 ) 



lected 

A lijdrauhc piston Ins one degree of freedom 
of the pi'Jton is clnracicnzcd b> co ordiintc z 
U^ng d’Alcmhcrt’s equation, wc can write 


mill gtnl)il|yf»tl 

■ ‘-kgf nor s(i cm 

■ icroforc ht iieg- 

Therefore, the position 


( 120 ) 


whore 6 IS the summaled force, acting on the pinion of tiio h>draulic 
cjliiulor 



HVDnArUC CVUNDHRS .WP KOTARy MOTORS 


III tlin ixivon raso (sP(‘ l iu. B7) this lorcc equals 

e-/-, 


,Ur, is \hr^ roff-rrv'd mass of }Kvrts in Iranslafory motion 




( 127 ) 


(128) 


wlicre - translational velocity of the piston 
r fill veincily in tlie juessuro line. 

Aft<T mahiii" the siihsl itnl ion - . the referred mass is 

= = (129) 

v.li('re .1/, "• mass of jiarls Iravelliii" with trnnslatory motion (piston, work 
table, etc.) 

M„ ■ mass of the oil in the pressure line 
.U;> ■ • mass of tlie oil in the exhaust line 
.and /•■„ - areas of the piston (.=ee I'i". 87) 

/•'o cross-sectional area of the piping, 
f hu'- equation (12(1) can he written as 

-S “ [rr-P.--Pz -cTsV] 

It is assuiried that the pump pressure p^,. friction resistance p 5 and the 
force of the backpressure are constant. 

'( lu'ii the followiuir values are also constant 


/■'i (/’/■ - Ps ~Pz^) 7^1 k?r 

rl\ r~: kof-sec' per s(] cm 

With thf'st' ass\nnptions we obtain 

ihMtiine hotli sidi's of tiiis (•qnalion hy ,1/^,. we can write 

'A iif ) 

'/ -v/ - (cni niid eharacleriyes the pipin'.! resistance 

/’ 


(180) 

(131) 


r — ' (cm S"-! sec-) and chararlerives liie level of the initial accel- 

<'t.'(i"!s of the pi'toji. 
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it! lilt' irivp!! ra>o (soo Til!. 87) this force equals 

8 - (p;. - cr= - ;>s -Pz^) 


M, 


is 


ihr* referred ninss of juirls in translalory uiolion 



(127) 


(128) 


v>)iei(' i\ ■ traii.'-lnl ioiial velocity of the ])islou 
r - oil velocity in tlic jnessurc line. 

After niakiiiir the siihstitution the referred mass is 

(129, 

v.here .1/, — ma— »>f jiarts Iravoliinc with Iranslatory motion (piston, work 
tahle. etc.) 

.l/o ma.-> of (he oil in the pre.'Snre line 
.l/n - mass of the oil in the o.vhavist litto 
/■, and /■; - areas of the piston (see Ficr. 87) 

/'V - ero"-seclioiial area <tf the piping. 

Thti'' vqnati('n ( 12 ( 1 ) cat! he wriltei! as 



It i- a"'nmed that the jniinp ])ressurc friction resistance p.c; and the 
fouM' of the hackpre^^^^re />« uie cotistaut. 

Tiit-n till' followin'^ values arc also cotistaut 


Pi ( Pp — P.< — Pz 7^) hf_d 

c!\ IP, kef-scT' per sq cm 
\Nitli (|jo.-c asMimpt ions we obtain 

( 18 ( 1 ) 

Jt’Auiini: holli .'-id.-,*, of jiii.v (-(jualion hy . 1 /,, we cati write 

^ (131) 

!\ 

''h'p' 7 V,'- ictii *! atid cha.racU'rire'- the pipinir resi>lance 

/ , . . 

t (tin }u'i Mfi amt ch,!!acteri 7 e' tin* level fd the initial accel- 

< ..’iioii of Ike pi'ttui. 
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If the lime for ncceloration is to be dclcrmineil, the Ia«l cniiation i« 
«=ol\cd for t Thus 

2m m — qtf 

\\hcre m = 

On the other hand, if the path Icnitlh, \clocitj and nrceleratinn of the 
p:«ton arc to he determined, then equation (131) i>? soUed in respect to the 
path length x of the acceleration period Then, mahing the Mih«tilutinn 
— 2 , and separating the variables we olitain 


from winch 


and thcicfore 


m — qz 


Siibstitnling for z and integrating wc can write 


TJic constants are dotorrainod on the bi«is of the initial conditions At 
/s=0, both 5=-0 and t — 0 Ifencc 



x = ~lncos|r (ml) 

(112) 

The piston ^clo^itj is 

= tiiiih (m() 

(133) 

The accejeralion of the 

p:«ton is 



d*x r 

dl- “ce'ti*(mf) 

(I.M) 


In tentati\e calculations, sufficieiitl> accurate for practical purpose®, 
wc de\elop a sene- of lijpcrbolic functions to fmd the di«phcemenl and 
\elorit\ of the pi-lon during the period of acceJemtiori 7hU' 
x~Or>r/s 


i c^rt 


(135) 

(130) 
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U the vcft'rjfd mass in comparison Mitli oilier memhers of equa- 
tion (liVn. we ran assume that - 0 o^>l‘'>5n the piston velocity 

for (he periofl of .•'teafly inolion as 

,, = ]/f (137) 

lAjualine: the riplit-hand sides of equations (13B) and (13/) v,c can 
write 

"E 

/in 


r7-. = l/'^or^n = ]/' 


wiiich we solve for tlie coofncicnl To which characterizes the inertia of 
the hydraulic syslom. Thus 


m 


sec 


(138) 


If the acceleration a is known (sec equation 13-1), then the dynamic 
force (see p. 2t5o) is 

(' 33 ) 

The acceleration of the piston can also he dolermined from the accDleralion 
curve, if the slope p of the characteristic curve is given. Thus 

(t ----- tan ^ 

where I is the specified lime for acceleration of llie piston. 


11-4. Cushioning Hydraulic Cylinders 

Hr.d-.inc devices arc known as cushioning facilities if their purpose is to 
afiMiih kinetic energy, for instance, at the moment of piston reversal. If the 
hrakiu2 device operates during load action, it is called a clomping arrange- 
ment and .-ervos to quench a pnisaling load, for example as in valves. 

Cu-hit.niug i< usually accomplislicd in machine tools hy the use of an 
.innular elear.uico (see Fig, p.o) ora special valve whose operative components 
aie protiled in accordance with tlie nature of the cushioning that is required. 
An example is the model lol control panel for grinders (see p. :.'-39). Neglecting 
th- rr-ilimue of the hydraulic system, we can write the efiuation of eqnilih- 
linm HI tiie cu-hjoning period as 



1I*4 CUSHlOMNO II\DnAUtlC CYLINDCnS Jfi'l 

\slierc jVo = mn«« lo bo brabod rolorrod lo tbc pielOTi p, 2GG) 

2*5 = friction force of the piston {«ce p. 2G3) bpf 
T = force of re^i'tance of the cii«liioning nperttiro 

(HI) 

vhcre F = piston area on tlic backpressure side, sq m 

Vi = ^elocIty of oil flow in the cushioning bore, m per <cc 
i == coefficient of resistance for the cushioning bore 

^=0.0lliLLP.C) 

^vhere v = kinematic \iscosity of the oil, cm* per sec 
I = length of the cushioning channel, cm 

ip = coefficient of resistance ol the cushioning bore, depending 
on Its cro'«-secllonal <bnpe {f = 0.02G cm* per “cc for 
annular openings). 

According lo the equation of continuity, the rale of flow during the cucliion* 
ing period should be 

v,i = Fv^ 

■whore y* =* in«tantancoii« (current) \elocity of the piston 
/s-area of Iho aperture in the cu«lnoning dcMce. 

Hence 



Substituting the Nahio of lu into equation (I'll) we can write 

,.^(1 -5).;=.u.A_2s (i«) 

Denoting the product of the con'Iaiils by 
« = I-~7(1 a 

and, snb'tilutinc and then diMiling l>otli •^ide- of the cqii ition 

by iVo, we obtain 

^ dt l/o Wo " 

Lot "y = A' and - A’l Then. «ub'littilinp r\~z. and f(5llo\Mng 
^ .Wo ”0 

general rulo«, we can write ^ 

■ A, 


2K, dr 


[VA) 
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As a rule in rolaiy hjdrauUc drixcs tlie hjdraulic rnolor is similar iti 
coiislruclion to a pump, tliougii this is not iiccc««arily so. Tlic only po-itiNC- 
displacemcnt pumps that can be used ns rotary inolorv are tlio*-c m 
tangcntional forces and arms perpendicular to them arc obtained when tlie 
ncling forces arc resolved. 

Tlie spring of relief valve 1 (Fig. 105) limits the torque of the rotary hy- 
draulic motor. Check valve 5 is opened when the rale of flow of the oil circu- 
lating 111 the .system is changed ns a result of a change in the pump or lijdrau- 
lic motor control factor. After one of the control factors has changed, the 
hydraulic motor continues for a certain lime to run by inertia at ibo «ainc 
speed but with a cliatigcd rate of flow. Suction of air into the sj-^tem is 
avoided l>y valve 3. Wlien this valve opens, ihe required amount of oil is 
admitted into the sjsicm so as to compensate for llic iti'iiflicicncy of Ihe 
circulating volume of oil. 

Valve.? can he used to stop the shaft of Ihe hydraulic motor rapidly with- 
out stopping tlie pump Together with backpressure valve-/, cushioning, or 
damping \aho 3 protects the system against «hnck Ioad« in tlie period- of 
hrncnig and revcr-nl 

The power consumption of the pump Is 

A I = A #»iiVi = kW 

where 

i]x — efficiency of llie line from the electric motor to the pump 
A’f„, =1 power rating of the pump drive motor 

C factor foi converting from kgf-m per ^ec to k\\’ 

A'i -= consumed power of (he pump 
Hi s- speed of the pump, rpm 
Mu = torque of tliO pump«liaft. kgf-m. 

Povvei A'l IS iransinilled to the hydraulic motor le-s the lo-'e-. Iltmo 

-V- A'.V- CMt-iH. 
and 

'Uz —’k (I'lli) 

where q<, q,/;- over.ill cniuentv of the drive 

Vz efficJeiicj of tin* Indraiilir dnve 

^^I 2 torque of the moloi 

It foUows that 

Vr; 3lX. 

Mti »2 Vt 

<ir, if w.Vi Is denoted b\ //J then 
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As a rule in rotarj lijdraiihc clrnes the hjdraiilic inolor is sinnhr iti 
cotistruclion to a pump, tlioiigli this is not iiccc«sanlj «o Tlic otilj po'iti\o- 
displaccment pumps tliat can ho u«od as rotary motors arc tlio'-o in which 
tangentional forces and arms perpendicular to them arc ohtaincd wlien the 
acting forces arc re«ol\ed 

The spring of relief \al\c 1 (hig 105) limits the lortiue of the rolarj lij- 
draulic motor Checiv \al\o J is opened when the rate of flow of the oil circu- 
lating in the sjstcm is changed as a result of a change in the pump or hjdrau- 
Uc motor control factor After one of the control factors Ins cliangcd, the 
Kydraulic motor continues for a certain time |o run hj inertia at liio -ime 
speed hut with a clmiged rate of flow. Suction of air into the system 1 *% 
avoided hy \al\c 5 Wiien this vahe opens, the lequired amount of oil is 
admitted into the sistom so as to compensate for the in'-iifhciciicj of tlic 
circulating volume of oil 

Valve 2 can bo used to slop the shaft of the lijdranlic motor rapidlj with- 
out slopping the pump Together with hackprt-sure valve 4, cusliioiiiiig, or 
damping valve 5 protects the «>stcm against shock load-* in llic periods of 
bracing and levcrsnl 

riic power consumption ol the pump is 

jV| = A'’/niV| = <^.1/ (|Wi k W 

whore 

7/j = efficiency of the line from (lie electric motor to the pumji 
Am, = power rating of the pump drive motor 
C — factor foi converting from kef m per sec to kU 
;Yi = consumed power of the pump 
=s speed of the pump, rpm 
= torque of the pump shaft Kgf m 

Power V, is transmitted to the Iijdraiilic motor le— the lo-e- Ilinn 

^,= Y,7;, = f 

and 

(lil'l 

where ovinll efficiencj of the drive 

7 ;, efficicnev of the hvdraulic drive 

jU ,2 torque of the moloi 

It follows tint 

Vn 

1/n »- »/, 

if IS denoted hv then 
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whf-ro /? — ronvrrsion factor of the hydraulic drive 
A', and A',.. -- r('spr“rlivf> outputs of the pump and hydraulic motor, cu cm 
per revolution. 

These o\itpuls are: 

A' ^ ~ (Pz2r sin <5 = -tt (P'>' ^ 

or rotary axial piston pumps and hydraulic motors (see Fi". 93), and 

K^^d-zc 


for rotary radial piston pumps and hydraulic motors 
when' (1 piston diameter 

' -- nmnher of pistons in the cylinder barrel of the pump or hydraulic 
motor 

r piston circle radius 

d till anule of the soclcet ring or cylinder barrel (see p. 2.0.3) 

c eccentricity of the pump. 

The values of A',, and K„. characterize the structural dimensions of the 
oiier.ilive (dements of the piitJip and hydraulic motor. 

If // I. tin'll A',, -■ K, ,.>}„• 1 his means that if = 1 the operative 
element^ of tin' juun]i and hydraulic motor have identical dimension?, and 
tile .-pi'cd of the pump would he equal to the maximum speed of the hydrau- 
lic molor. riie tonpu' developed on the pump shaft would he equal to the 
torque of the motor. Drives with such characlerisl ics would not convert 
tin' loiijut'. and would serve only as fluid conplincs. 

if II T' 1. then the workiiu; dimensions of the hydraulic motor should 
lie laD:<‘i- than tho>e of the pump, while the speed of the pump should he 
lileher than that of tlie hydraulic motor. 'I'lie op|)osite is true if R <i 1. 
A circuit of the lalh'r tyjie is applied in machine tool desitrn for hydraulic 
lie.idvtork •■pindle driven, for instance in a grinder. 

I lie torque developi'd hv the hydraulic motor or applied to the juiinp shaft 
deierntined on the h;i.-i.; of llie oil flow rale and pressure. Thus 

• r P 

,il{- p~ 

I > 


Sill' r t !ir .iocuiar 

ic los.i-s) (} 

■ 'jU.ainu ('.III !h> 


\i loci(y {■) Ttu. ami the delivery (if there :ire no volii- 
Ao, ’.vln-re A i-- the outjiut per revolution, llu' precedio'-t 
written a' 





•- . ( o t e 


1 - tlic prc--ui,' ilri.p in the pump (hydraiilie inolor). 


(I-'h) 
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^\c shall again resort to the tl Alembert equation to determine certain 
d>mmic characteristics of rolarj hydraulic drues Thus 


Mlierc «y = angular \elocit> of the li)draulic motor shaft 

Ji = moment of inertia of the rotating masses referred to the shaft 
of the hjdraulic motor 
— referred torque of the hjdraulic motor 

= (1M) 

where Jcb ~ moraonl of inertia of the cjhnder barrel a«sembl> ofthehjdrnu 
lie motor 1 e the shaft to which moment of inertia is referred 
Ji = moment of inertia of the first shaft 
o>i = angular aelocity of the first shaft 
/j = moment of inertia of the second «liafl 
eoj = angular aelocity of the second shaft 
If s const then equation (148) can be wTittcn as 

4_ = ^=co„.l (150) 

which indicates that motion proceeds with constant acceleration and the 

angular volocitj is 

= (151) 

It follows that if ( 0 , is the slcadj angular aclocjtj of the h^ drauhe motor 

the time required for it to accelerate to this aclocitj is 

T, = ^<o. (152) 

The time Tq characterizes the inerlia of the drl\c and is of prime impor 
tance m appraising Us djnamic qualities 
The speed of response of a drive is characterized bj the angle of nccclcra 
tion e It can be determined from equation (151) Thus 




18-303 
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In rno5( cnsos. the time required (o accelerate the cylinder barrel of a pump 
or hydraulic motor to runnin" speed is expressed by the miinber of revolutions 
it makes durini' this lime,- the less the number of rcvoIiUions. the quicker 
the barrel reaches liie steady speed. 

I’lie numfier of revolutions durinij the acceleration lime is 


«|1X 



(155) 


wliore ™ is the current speed, revolutions per sec, of the cylinder barrel 
durin" tiie acceleration period. 


Snijslitutintr ~ in equation (150), wo have 


(h Ji , 


-T (]n, 


m.Ms 


and then equation (1.55) can lie written as 

0 

wJiere Mt Is tin* n'feiaed torque as before 


( 150 ) 


CHAPTER 12 

SPEED COKTROL OP HYDRAULIC PISTONS 
AND ROTARY HYDRAULIC MOTORS 


t 2 -t. General Principles 

The purpose ol either manual or automatic controls is to obtain and mnin- 
tain the specified operating cjcle of the machine (or machine tool in our 
case) Thus, control can he defined as the process of establishing the gi\cn 
pirametefs^pre«siire, \eloc1t3, rpm, etc —and maintaining them at (he 
required le^els at each moment of the ejele 

'Iho operating conditions of a machine tool depend on manj interrelated 
parameters, and may varj continuously or periodicallj. To maintain more 
or lc«s constant operating conditions, 1 c ones that \ar> only within specified 
limits or according to a gnen law, u is necessary to operate the controls, 
cither manunlU or automatically 

Manual control is usually confined to a single parameter which is the 
most cffectMc in >arying the operating conditions of tlic mnclune 
tool 

Automatic control may bo accomplished either in respect to a single param- 
eter or to seaoral panmeter* 

The mechanism that is to be controlled is called ilic controlled member, 
wliile the dcMCe directly accoiuphslimg the controlling procc-s js called the 
controller Taken together the controlled member and controller arc called 
the control system 

The IcYcl and quality of the controlled process are related to a single or 
soacral parameters surli as pressure, aelocity. acceleration, travel, etc. 
These ore called the controlled parameters 

There are two general t) pcs of .automatic control In one. control i-* baeod 
upon the parameter- of the controlled procc-s itself u-p being made of vnrioiLs 
protective apparatus hydraulic speed -Inbilirer- etc In the other ca«o, 
tlie proce-s 1- controlled bv paruneler- that arc introduced from oul«ide 
Tins IS the «o called programmed control 

The speed of .1 hydraulic motor can be controllrd lij clnnging the amount 
of flvvul flowmc through it in unit lime thi- t>eing accomplished bv 

(a) cbaiiqing till ope rating cmidiiion- of tilt pump b\ v an mg its di«phce- 

ment, 

(b) cbanging the resistance hut at con-taut j)re«-(ire of a part of the 
line through winch the fluid flow- 
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lUiih of ibose motfiorl? are knov^Ti as volume confrolr, the first is called 
varinhh'-displaccmrjit controls and the second— flow controls. This can he 
(‘ficcteci in cither case by: 

(1) varying the flow of fluid in the line transmitting energy to the hydrau- 

lif motor, called motcring-in controls; 

(2) varying the rate of discharge from the hydraulic motor, called meter- 

iiiL’-onl rontrols. 

IJecaii.-c of certain difficulties and a higher cost, as compared to other 
roiilrol methods, a combination of variable-displacement and metering-out 
rontiols is rarely applied, and is not a typical method in machine tool engi- 


neeriiu!. 

'j’he choice of the control method .should be based on tbe power, required 
jirc'-iire. nature of variation of the useful load, type of pump to he installed, 
juinip charaotcrisi ics and certain other factor.s. 

'J'lie jirincipal feature of variable-displacement control is that, at a con- 
lUant load, the power output of the hydraulic motor is proportional to the 
delivery of tlie pump. .A rotary hydraulic motor is to be loaded, in this case, 
by a constant torque, and a hydraulic piston— by a constant pulling or 
pushing force. 'I'his control method is e.vtensively employed in various 
branebe'- of machine buildin", and especially for machines wliich require 
Cl larso pulling or pushing force, or maximum torque in starling. 

In metering-in or metering-out flow controls, tlie pressure and delivery 
■of the pump are constant as, consequently, is its power con.sumplion. Tlu* 
■'peed of tbe hydraulic motor depends upon the resistance of the flow control 
device, 'l lie exces< part of the oil drains conlimiously back to the tank through 
the relief valve without performing any useful work. 

Whf'u the speed of the hydraulic motor is reduced, the part of the pump 
rfielivery draining back to the tank increases, raising the losses. When the 
motor -peed is increased. los-es are reduced. Thus, flow control is lia.^ed on 
ihe variation of the magnitude of the lo.cses, i.e. on the variation of the efli- 
ciency of the hydraulic system, 'i herefore. generally speaking, flow control 
i- jii-tilied only at low power rating of the hydraulic motor. On the other 
hnnd. due to tlie sur[)lu-; delivery of the pump, volumetric losses affect the 
J.iiH’matic rigidity of the hydnuilic system to a lessor c.vteni than in 
variabh'-di -placement control. 


1 he yjppli/ of a^ rotary hydraulic motor or cylinder may be cither indirid- 
O’li or ccfdrclizpa. .\ny rm-thod of control (variable-displacement or flow 
I fintndl !- applicable to individual supply. Only flow control can be employed 
v.iih .1 1 t-nt r.dired .‘■upjdy since the oil flow to each power member should 
b" di-tnbuted in acr.,rdanre with the resistances of the pre.--ure line-. 

Ic.’tur.-- of individual supply (I'ig. lOt;. and also see Fig. IBfi, Vol. 1) 
v-ler.- pump /\ ir for imndling operations and pump is for the table 
oriv.) of sever.d hyurauhe motors are the independent pre.-sures, p,, 
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aiRl p\ in the jiro.'-^-nro linn? of each inolor; independent vclocilie? i-j. rj and 
/•; ;ind tiavei: and (he independent power con?umption. A supply system 
n( thi- type, liowever. rofiuires separate and independent power units (pump- 
itiu '•laliiiii') iuid indejiendent control apparatus. This substantially raises 
the enci of (!u‘ machine tool and increases its overall size. For these reasons, 
system^ of individual supply are rarely applied in jnachine tool onoinecrinp. 

.\ cenlrali'/ed .system of sni)p]y lias a sinsjlc pump aocommodatiii" several 
hydraulic motors (I'ii:. li>7). 'J'here is only one pressure in the system— the 
Tna.vimutn jne-'^ure pj. —which is determined hy the required pulling (or 
pu'-hine) force S ami jiislon area F. If the liydraulie motors operate separate- 
ly. the pump delivery O., is dcUTfuined by the motor with the highest speed. 

If the hydraulic moloi' operate simultaneously, the pump delivery should 
equal the arithmetic ^nm of the required displacements of all the simulla- 
m'oii‘-ly (qieiatiiig motors: Q}, ~~ Qi -- Qi -r Ql- ^Triable restrictions 
!L, and //-, .iie pro\ided in the lines for a tentative distribution of the 
puni[> delivery in accordance with the speeds and load.s of the hydraulic 
iiioto)>.. .\ny cliaiiLU'. however, in tlie useful load of any hydranlie motor will 
lead to a ledFirihiil ioii of the pumji delivery among the motors. 

If tlie loads varv. >-tahl(‘ travel can he achieved hy the use of speed stahi- 
li/er" (Fia. !-<•) whicii are it'-ually jiressure-romponsaltMl flow-control valve.', 
riieir '■implicity .iiid >-[iiall size have won such supjily .systems widespread 
application in hydraulic machine tools. 

lo calculate the aieit^ of liie apertures in restrictors, it proves conveiiicnl 
to intioiiuce the conception of conductivity .v of the re.'trictor. Then equation 
(S^i) can he written a< 


( 

Q s]'Ji, 

wheic iv ilie coiuiiicl ivily of the re.-lriclor. 


(i57) 


1 

] Ti 


f!‘ V ~ 

^ l! the jv-trictoi> aie coimecled in parallel (Fig. 107), the pressure 

ur-.p- wiW h- upi.i! in all hrancluv. and the doliverv for the whole 
-V'-tim 1" 

Q, S'o ] Tp 

vhei<- • iv tie* t<ita| coiiduct ivity of the lO'lriclors 


V 




1\k 


: . vyvtc!!; vuAi av i„ • -. { 2 and 3 
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II It is a«5«umed tliat the flow caciricicnt ft i« the ^ime for nil restrictors 
connected in paiallel, then 

^0 = ■“ (/i ■*" A /j) 

^\llerc /i, /» and A are the areas of the aperture in the restrictors 


12-2. Variable-Displacement Speed Control 
of Hydraulic Motors 

In considering this method of speed control, as ^\cll as other methods 
further on, it is assumed that the oil contains no air and tlinl there is a linear 
relationship hct\secn the otlernal and internal %oliimctric loe«cs in the 
system (in the pump, hydraulic motor and control do\ices) and the prc«Mirc 

The pressure pi in the cjlindcr (Pig lOS) is determined h> equation (121) 
ProMsiotv IS usually ma<lc for a backpressure o{ p. 1 5 kgl per «q cm, pro- 
duced hy means of anl\c 2, to stabilize the friction forces and, therefore, 
aaluc Pi in equation (121) The spring of lelicf \al\e 2 i« adjusted to the 
maximum prc'-surc po of pump 1 Directional control xalvo 5 changes llie 
direction of piston tra\cl It is advisable to install check valve 4\\[ the pres- 
sure lino to prev onl tlic system from empty ing completely , and air from enter- 
ing when the pump is switched off 

Figure 109 shows the characteristic curves for this control method It can 
bo seen that the power is proportional to the load applied to the piston 
Since volumetric lo««es are inevitable, any increase in pressure results 
in a tcduction in speed 

Since there are no power losses from throttling in variahle-displaccmenl 
control, the oil is heated less Tins increases the efficiency of the system 
This <5pcod control method proves expedient for comparatively high power 
ratings, and when a wide range of speed variation is rcquirca 

A certain amount of power is required to start the pump controls 
Depending upon the «izc of the drive and the output power of the hydraulic 
motor, this starling power is V, Si (0 02 to 0 1) V, where A' is the output 
power of the hvdraulic motor 

Making use of the continuity cqmlioii we con WTitc for a reciprocating 
drive (Fig 108) 

-r (158) 

where kp = specific displacement of the pump, cu cm per revolution 

xp = pump control factor, equal to the ratio of the current value 
of the controlled pump parameter to the maximum value of 
lhi'« parameter (thu'. for example, for radial piston pumps and 
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and pI in the pressure lines of each motor; independent velocities Pj, v[ and 
Uj and travel; and the independent power consumption. A supply system 
of this type, however, requires separate and independent power units (pump- 
ing stations) and independent control apparatus. This substantially raises 
the cost of the machine tool and increases its overall size. For these reasons, 
systems of individual supply are rarely applied in machine tool engineering. 

A centralized system of supply has a single pump accommodating several 
hydraulic motors (Fig. 107). There is only one pressure in the system— the 
maximum pressure p-p — which is determined by the required pulling (or 
pushing) force S and piston area F. If the hydraulic motors operate separate- 
ly, the pump delivery Qp is determined by the motor with the highest speed. 

If the hydraulic motors operate simultaneously, the pump delivery should 
equal the arithmetic sum of the required displacements of all the simulta- 
neously operating motors; = (^j -l -}- Q'[. Variable restrictions 
i?i, J?o and /?3 are provided in the lines for a tentative distribution of the 
pump delivery in accordance with the speeds and loads of the hydraulic 
motors. Any change, however, in the useful load of any hydraulic motor will 
lead to a redistribution of the pump delivery among the motors. 

If the loads vary, stable travel can be achieved by the use of speed stabi- 
lizers (Fig. 120) which are usually pressure-compensated flow-control valves. 
Their simplicity and small size have won such supply systems widespread 
application in hydraulic machine tools. 

To calculate the areas of the apertures in restrictors, it proves convenient 
to introduce the conception of conductivity s of the restrictor. Then equation 
(84) can be vTitten as 

Q = sYa^ (157) 

where s is the conductivity of the restrictor. 



If the restrictors are connected in parallel (Fig. 107), the pressure 

drops will be equal in all branches, and the delivery for the whole 
system is 


Qv — sqY ^p 

where Sq is the total conductivity of the restrictors 

n 

^0= E S i 

i=l 

For a system such as shown in Fig. 107, i = 2 and 3 
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If It IS a«eume(l that the flow coefficient /i i« the eitnc for nil rc«lriclors 
connected m paiallel, then 

So = (/l + A fs) 

Mhero fi, A and A are the areas of the aperture in the restrictors 


12-2. Variable-Displacement Speed Control 
of Hydraulic Motors 

In considering this method of speed control, as ucll n<5 other methods 
further on, it is assumed that the oil contains no air and that there is a linear 
relationship hetwoen the external .and internal \olumctric !os<e« in tlie 
sjstcm (in the pump, hjdraulic motor .and control dcMcc-) and the pressure 

The pressure pj in the cj Under (Pig. lOS) is determined by equation (121) 
ProMSjon IS usually made for a backpressure ol p- 1 5 KrI per «q cm, pro- 
duced hy means of Nal%c 3, to «lalulue the friction forces and, therefore. 
\ahio pt in equation (121) The spring of relief \olvo 2 is adjusted to the 
mn\imum pressure po of pump /. Directional control \aho 3 changes the 
direction of piston tra\cl It is ad\i«able to in«tall check aahe ^ in the pres- 
sure line to pros out the sjstcm fromcmptjingcomplclelj , and air from enter- 
ing uheii the pump is switched of! 

Figure 109 shows the characteristic cur\es for this control method It can 
ho seen that the power is proportional to the load applied to the piston 
Since aolumclric losses are inc\ liable, ati> increase in pressure results 
in a reduction in speed 

Since there arc no power losses from throttling in anriahlc-displacemenl 
control, the oil is heated lcs» This increases the efficicncj of the sjstcm 
Tins speed control method proves expedient for comparalivelj high power 
raling*«, and when a wide range of speed variation is requirca 

A certain amount of power is required to «tnrt the pump controls 
Depending upon the sue of the drive and the output power of the hjdraulic 
motor, this starting power is A', (0 02 to 0 1) A', where A’ is the output 

power of the hjdraulic motor 

Making U'-c of the conlinuitj equation, we can wTitc for a reciprocating 
drive (Fig lOS) 

= = Vo (15S) 

vvlierc Kp — specific displacement of the pump, cu cm per revolution 

y* = pump control factor, equal to the ratio of the current value 
of the controlled pump parameter to the maximum value of 
this parameter (thu«, foretamplc, for radial pi'ton pumps and 
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Fig. -108. Variable-displacement piston Fig. 109. Pressure variation and piston speed 
speed control: control with a variable-displacement pumpa 

J — variable-displacement pump; 2 — relief 
valve; 2— backpressure valve; check 
valve; S — two-position directional valve 


hydraulic motors -ip , where is the current eccentricity. 


and for axial piston pumps and hydraulic motors tp = , 

where 6^ is the current angle of tilt of the cam plate, cylinder 
barrel, etc., in accordance with the construction of the pump 
and Its mechanism for controlling the displacement) 

-/'i = piston area ' 


9(7 volumetric losses in the hydraulic 
equation (86). 

The preceding equation is used to find the actual 
at the pressure p^. Thus 


system determined by 
velocity of the piston 


^ ( 159 ) 

If is the geomelrical veiocity of tho piston, i.e. the velocity 

when the pressure p = 0, then the diBerence in velocities (p. - pj is the 
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Fig 110 NonuRilormity of piston tra\cl m ^arlal>t4wdlsp]accm(-^t <prc(] control 


duction in piston \clocit> due to \olufnclnc lo«es 

% 

ayjai'o— t'l®— (ICO) 

Volumetric los«os reduce tlie piston \cIoci(j, but their effect is dccreised 
'omc extent bj a corresponding incrci«e in the piston area Fi TIu« pro- 
(lure IS applied in machine tool enginecrmp 

The quality of the hj dnulic sj «tcm of a machine tool is npprai«od ii> the 
gree of nonuniformitj X of piston \clocilj in a reciprocating dri\e or of 
otor rotation speed in a rotary drixe 


X 


JlTj j t>| _ 

7^ *0 ~ «o^i 


(IGl) 


The cuiNos of Fig 110 «hoM how the degree of nonuniformitj of pi«ton 
locitj aarics Mith pressure p for Mrious piston diameters Z? and \cIocilic<? 
IS e\idcnt from the cun,cs that the pi'ton diameter greatlj aflecl« the 
iiformily of tra\cl For instance, at a xolocilj of — 100 mm per min 
d a pressure of p = 20 hg per 'q cm, the degree of nonuniformitj is / = C 
r cent for a piston diameter of Z? = 150 mm, it increase*! to X = 38 per 
at for Z? = 00 mm, and at £> »= 68 mm the nonuniformitj / > 50 per 
at, a \aluc that is ab«olutelj unacceptable for machine tool« 
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'.I'lio I'odiiclion in voiot'ii.y 2 \j>i oi iii'n i\ydvi\niic. wolov will bo 


(1G2) 


wboro p is Ibo pvcssuro in l.bo systom. 
lionet' l,ho loud inny bo oblainotl ns 

n F' 

• - a ‘ y 


(1G3) 


Consoqnonlly, 


Ibo Icinonintic vijj[itlily of l.bo sysioin (soo p. 224) is 


£i 

flf?! Oj, 


• —ill 



llytlnnilio innobino tools, oponxlinu with n bijvb pullinp: (ov pnsbinp;) 
I'orcn and wilb a poviodically varyin}» load, avo appraisod on Ibo basis of Ibo 
dynainio viridity of l.bo sysi.oin. lls inagnil.tido indioalos wbolbor Ibo pislon 
aroa cylindor lonu'lb, lonj^tb of Ibo pipinfj:, ils olaslioily, olo., bavo boon 
val.iot\ally o.bosou. Wo oan dolormino piston Ivavol undor live aclion of 
a load by sottinfj; np tbo oqnation for volninolvic oqnilibrinin of tbo 
l)o\voi' cylindor (soo l'’i|t'. 108): 

l'\x-I'\v,l 4 2 («„+ c/.’,/,) 0 (lo.'i) 

lloiH'o, tbo ])onnissiblo nsofnl load is 


J"\ (c,)/ — .r) 
2{«o l-''/'Vi) 



and Ibo dynamic rigidity of tbo systom is 

iiP /•'; 

' <)x 2(«o l-o/’i'j) 


(1G7) 


'I’bns, tbo lavpior tbo clastic constant 6>o of Ibo syslom, ibo loss, all otbor 
conditions boinp oqnal, tbo dynamic vipidity will bo and tbo more reasons 
lor tlio dovolopmont of vibration upon ebanpos in tbo loiul /b 

In dorivinp tbo ripidily oqnation, it was assnmod Ibat Ibo volnmolric 
losses aro noplipiblo qnantitios. Practically, iboy arc inevitable in Ibo system, 
and in Ibo pivon case iboy promolo a certain amonnt of dampinp of tbo 
vibralion. Tbo ripidity equations (1(14 and IG?) show that tbo lonptb of tbo 
power cylindor ai\d its cross-soctional area aro of prime importance in ques- 
tions concorninp tbo stabilily. 

1 bo dynamic ripidily of a bydranlic systom most 1)0 known for a tontativo 
dolormination of Ibo nainral frequency of vibralion in Ibo systom. Tims 


fhi 


•1 

2w 



wboro ill is lUe referred mass of tbo movinp pavls. 
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Data on the natural frequency of the «5>«itcm and it** Ie\cl arc required 
in djnamic iru estimations of the sj^toni, for «olcct ihr ^ also «!prinms. dp'icninc 
dampers, and also for determining the po=«ihle freqiiencj pa«« Innd 
Appljmm tlio continuitj eqinlion to a rotarj dnsc (Fip 10")) a* ssell, 
s\o obtain 

ApVrn^y'p^AVin.V'm (lfi'>) 

from sshicli the ‘'peed of the rotan lijdraulic motor is 



Jk. 

It 


ttem 




(170) 


sslicro iPp and y'm = pump and li>draiilic motor control factor*-. re«pcc- 
tise]>, as 111 equation (15S) 

fj = ^ SS3 Rearing ratio between the electric motor and pump 
= «peed of the electric motor 
= speed of the pump rotor 
ijg =» \olumetric cfficiencj of the drive 
7? = ^ = conversion factor of the drive 
It i« assumed for tentative calculntions that the volumetric cfficiencv 
Vt Js constant and equal to the mein Naliie over the whole range of «pt*C(l 
control 

Denoting tlie product of the constants h> e. 


wo obtain the equation for the minimum speed of the rotarv 
motor shift 


ftzmln 


/t Vjn max 


(171) 
hydraulic 

(172) 


The transvtvou or cnticil, speed i o transilioii from the rxiuge of pump 
control to the range of rotarj motor control is determined at the maximum 
ratio of the control fictors tins l»cing eqin! to unilj Then 


(173) 


The miximum 'peed of the rotirj lijdraulic motor is 

^2'noi ^ it ^ ^ n 

In Indriulic couplings (<co p 272) ^ -1 and ji = l, 

A,n = Ap, n^fr ~ tjnem and nt“‘nrna» 


( 17 ',) 

then 
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Data on the natural frequcncj of the «;jstem and ii«5 le\cl are required 
in djiiamic nuestigations ol the system, lor •select inp \al\e cprincs, deeipmricr 
dampers, and also for dctcrminini; the |>o«iblc frequenej pa«s baud 
Appljinp the continuity equation to a rotary dri%e (Fip 105) ns uell, 
a\c obtain 

~ A™/,»2^/n ( 1 60) 

from winch the speed of the rotary hydraulic motor is 




i, «'P 


(170) 


where and V’m = pump anil hydraulic motor control factors, rcspec- 
ti\cly, as III cqii Itioii (158) 

fi = ~ = gearing ratio between the electric motor and pump 
ftfm = speed of the electric motor 
«i =5 speed of the pump rotor 
tie = Nolumelric efficiency of the drive 
/f = ^ s= conversion factor of (he drive. 

Jt iS assumed for tcntatnc cn)cti)otwn^ (hat the volnmetnc effierencj 
Ve IS constant and equal to the mean value over the wliole range of speed 
control 

Denoting the product of the constant* hy e, 


Vt~ 


(171) 


wc obtain the equation for tlio minimum speed of the rotary hydraulic 
motor shaft 

The transition, or critical, speed, i c transition from the range of pump 
control to the range of rotary motor control is determined at (he matimum 
ratio of the control factors this being equal to unity Then 

n.„ c-l (173) 


The maximum speed of the rotary hvdraulic motor is 


(17i) 


In hvdraulic coupling* («ee p 272) /f ~- 

■ np 

Am==Ap, n-rr — and n, = 


1 and /| =5 1, then 
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The reduction in velocity of the hydraulic motor will be 



( 162 ) 


where p is the pressure in the system. 
Hence the load may be obtained as 



(163) 


Consequently, 


the kinematic rigidity of the system (see p. 224) is 





—h 


(164) 


Hydraulic machine tools, operating vdth a high pulling (or pushing) 
force and with a periodically varying load, are appraised on the basis of the 
dynamic rigidity of the system. Its magnitude indicates whether the piston 
area cjdinder length, length of the piping, its elasticity, etc., have been 
rationally chosen. We can determine piston travel under the action of 
a load by setting up the equation for volumetric equilibrium of the 
power cylinder (see Fig. 108): 

F,x - F,v,t 2 (00 -f cF,h) -^ = 0 (165) 

Hence, the permissible useful load is 


2(0o-hcPib) 


(166) 


and the dynamic rigidity of the system is 


dP F\ 

dx 2(0o-hc.Fib) 


(167) 


Thus, the larger the elastic constant 0o of the system, the less, all other 
conditions being equal, the dynamic rigidity will be and the more reasons 
for the development of vibration upon changes in the load P. 

In deriving the rigidity equation, it was assumed that the volumetric 
losses are negligible quantities. Practically, they are inevitable in the system, 
and in the given case they promote a certain amount of damping of the 
vibration. The rigidity equations (164 and 167) show that the length of the 
power cylinder and its cross-sectional area are of prime importance in ques- 
tions concerning the stability. 

The dynamic rigidity of a hydraulic system must be known for a tentative 
determination of the natural frequency of vibration in the system. Thus 



where M is the referred mass of the moving parts. 


( 168 ) 
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Data on Ihe natural froqucncj of the sjMcm and il<« lc\cl arc required 
in djnamic inN e«;tiKations of the ’sjetcin* for ‘electinp Nal\p «princ<j, desicnuiir 
dampers, and aDo for delennininq the possible frequencj pi«s hind 
Appljing the continuity equation to a rotar> dri\e (Pip 105) ns well, 
A\c obtain 

KpVcHemfp=f^mttnzfm (IhO) 


from ishicli tlie speed of the rotarj hydraulic motor i« 


1 ^p 

n2 = r-i^n„„-i7p-f ' 


-5=-« lliL 

K "'”11 Cn 


( 1 - 0 ) 


\%licrc iPp and ip„i = pump and hydraulic motor control factors, respec- 
tiicly, ns 111 equation (15S) 

ij = a- gearing ratio between the electric motor and juimp 
Hem ==* speed of the electric motor 
«j as speed of the pump rotor 
T}e "a: \olumclric efficicnc> of tlic drnc 
Jl as ^ ss con\crsion factor of the dri\e 
It IS assumed for Icntatuc calculations tint the \oInmetric efficienc) 
ije is constant and equal to the mean \alue o\cr the whole range of speed 
control 

Denoting the product of the constants hj e. 


(171) 


wc obtain the equation for the minimum speed of the rolar> 
motor shift 


ju„,n^c 


1 fpnin 
if V“r» max 


h>draulic 

(172) 


The transition, or critical, speed, i e transition from the range of pump 
control to the range of rolar> motor control is determined at the maximum 
ratio of the control factors, this being cqinl to Then 


(173) 


The mammum speed of the rotar> li>draulic motor is 

t tTpina* 
n ;ma i ~ C ~jt 

Vmnifn 

In bjdraulic couplings («ec p 272) R “nd /,= 1. 

rijf, and H] f^Zfnax 


(17'i) 


then 
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(163) 


The reduction in velocity Avj_ of the hydraulic motor will be 

Avi — a-j- (162) 

where p is the pressure in the system. 

Hence the load may be obtained as 

P = ^F\ (163) 

Consequently, the kinematic rigidity of the sj^stem (see p. 224) is 

flUj Op 

Hydraulic machine tools, operating with a high pulling (or pushing) 
force and with a periodically varying load, are appraised on the basis of the 
dynamic rigidity of the system. Its magnitude indicates whether the piston 
area cylinder length, length of the piping, its elasticity, etc., have been 
rationally chosen. We can determine piston travel under the action of 
a load by setting up the equation for volumetric equilibrium of the 
power cylinder (see Fig. 108): 

FiX — FiVni -{■ 2 cFili) -p- = 0 (165) 


(166) 


(167) 


F^x — FiVot-j- 2{0o-\-cFili) -pr^ — 0 (165) 

Hence, the permissible useful load is 

2(eo+cFih) ’ 

and the dynamic rigidity of the system is 

i ^ H671 

dx 2{0o + cFili) ^ ^ 

Thus, the larger the elastic constant Og of the system, the less, all other 
conditions being equal, the dynamic rigidity ja will be and the more reasons 
for the development of vibration upon changes in the load P. 

In deriving the rigidity equation, it was assumed that the volumetric 
losses are negligible quantities. Practically, they are inevitable in the system, 
and in the given case they promote a certain amount of damping of the 
vibration. The rigidity equations (164 and 167) show that the length of the 
power cylinder and its cross-sectional area are of prime importance in ques- 
tions concerning the stability. 

The dynamic rigidity of a hydraulic system must be known for a tentative 
determination of the natural frequency of vibration in the system. Thus 

where M is the referred mass of the moving parts. 


(168) 



\AniADLE DISPIACFMJNT SPFFD COSTROJ 


Data on the natural freqtioncj of tho and it's 1 p\c 1 arc required 

in djnamic in\estigations of the ‘i>slem, for^elecdng noInc «:priri{;s, de^iciutit: 
dampers, and ako for dclcrmimnfi the powiMe frequenc\ jn«:s hand 
Applying the continuity equation to a rotary dri\c (Fig lOo) ns well, 
we obtain 


from winch tho 'speed of the rotara hydraulic motor is 


Am 




(170) 


where iPp and ^n, = pump and hydraulic motor control factors, rcspcc- 
tiacly, as in equation (ioS) 

I, = = gearing ratio hetween the electric motor and piirnii 

”i 

tifn = speed of the clcctnc motor 
Uj = speed of the pump rotor 
ijg ss \olumelric efficiency of the dri\c 
n SB ^ = coaacrsion factor of the dri\c 
It IS assumed ^fop tontati\e calculilions that the Nolnmctric clficioncy 
Vt »s constant and equal to the mean \aluc o\er the whole range of speed 
control 

Denoting tho product of the constants hy e. 




WO obtain tho equation for the mimmum speed of the rotary 
motor shaft 




1 ^pmln 
l( Vm mo* 


(171) 
hydraulic 

(172) 


The transition, or critical, speed, i c transition from the range of pump 
control to tho range of rotary motor control is determined at the muTimum 
ratio of tho control factors, this being equal to unity Then 


(173) 


The maximum speed of the rotary JndrauJic motor is 


Am^Af 


*> >mmfn 


f — and n,= 


( 177 ) 


and t, = 1, then 




VAniABLE DISPIACEMFNT SPFFD CONTHOl 


Data oti tlie natural froqiipiicj of the sjstom and ii«» lc\cl are required 
in djnamic in\ estimations of the ‘system, for •'elect mm \al\o ‘■prinms, dosimnmir 
dampers, and also for determining the possible frequenej pics Innd 
Applying the continuity equation to a rotary drive (fig 105) well, 
we obtain 

= A'„ 


from which llio cpocd of tlie rolarj hydraulic motor is 


Kj, 


(IbO) 


(170) 


whore rpp and V’m = 


pump and hydraulic motor control fictors, respec- 
tively, as in equation (158) 
l^ as ^ =3 gearing ratio holvvecn tlie electric motor and pump 
Hen = Speed of the electric motor 
111 SB speed ot the pvimp rotor 
I/p SB volumetric efficiency of the drive 
/? =s ^ = conversion factor of the drive. 

It IS a«sumod ^for tentative calculations that the voliimolnc cfficieiicy 
i/p IS constant and equal to the mean value over the whole range of «prcd 
control 

Denoting the product of the con<t.uils hy e, 

(171) 

WO olitain the equation for the minimum speed of the rolarj fijdraulic 
motor shaft 

n -r ^ ypmm in'*) 

Tlzmln — ^ jf 1 **“/ 

The transition, or critical, ‘speed i c transition from the range of pump 
control to the range of rolarv motor control is determined at the maximum 
ratio of the control factors (his being cqinl to unity 7 ben 

n.„ c-^ (173) 


The raiiimum speed of the rolarv livdriulic motor is 

1 y-pmox 


(!7i) 


In hydraulic couplings (“ce p 272) li 

Am = Ap. n-rr-'Vn,„ and 


‘ - 1 and i| = 1, then 
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The reduclion in velocity Av^ of the hydraulic motor will be 

AVi = o-^ 


(162) 


whei'C p is the pressure in the system. 

Hence the load may he obtained as 

(163) 


Consequently, 


the kinematic rigidity of 


2L 

dvi 



the system (see p. 224) is 

(164) 


Hydraulic machine tools, operating with a high pulling (or pushing) 
force and with a periodically varying load, are appraised on the basis of the 
dynamic rigidity of the system. Its magnitude indicates whether the piston 
area /'\, cylinder length, length of the piping, its elasticity, etc,, have been 
rationally chosen. We can determine piston travel under the action of 
a load ])y setting up the equation for volumetric equilibrium of the 
power cylinder (see Fig. 108): 

F,a:-Fit;o^4 2(6)o + cFiZj)-^ = 0 (165) 

Hence, the permissible useful load is 


(ypt—x) 

2(eo+cI'\h) 


(166) 


and the dynamic rigidity of the system is 


dP F] 

dx~ 2{eo + cFili) 


(167) 


Thus, the larger the elastic constant 0o of the .system, the less, all other 
conditions being equal, the dynamic rigidity ja will be and the more reasons 
for the development of vibration upon changes in the load P. 

In deriving the rigidity equation, it was assumed that the volumetric 
losses are negligible quantities. Practically, they are inevitable in the system, 
and in the given case they promote a certain amount of damping of the 
vibration. The rigidity equations (164 and 167) .show that the length of the 
power cylinder and its cross-sectional area are of prime importance in ques- 
tions concerning the stability. 

file dynamic rigidity of a hydraulic system must be known for a tentative 
dclermination of the natural frequency of vibration in the system. Thus 


( 168 ) 

where M is the referred mass of the moving parts. 
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Data on Uic natural frequency of the sj^icm ami its level are required 
in djnamic investigations of the system, for selecting \al\o ‘spruig'5, designinir 
dampers, and also for determining the po^ible frequency pa«s band. 

Applying the continuity equation to a rotary drive (Fig, 10,')) n«; well, 
v\c obtain 


KpVtUtmrpp ~ KmhfhV'm 

from which the speed of the rotary hjdraulic motor js 


«1 Vrt «{ V'nt 


(Ibh) 


(170) 


wlicrc iPp and ipm == pump and hydraulic motor control factors, respec- 
tively, as in equation (158) 

ij = ^£2* as gearing ratio hctvveen the electric motor and pump 
Hem «= speed of the electric motor 
= speed of the pump rotor 
r]o «= volumetric elficlcncy ol the drive 
/? =s ss conversion factor of the drive. 

It IS assumcQ for tentative calculation^ that the volumetric efficlcncj 
■»3 p is constant and equal to the mean \alno over the whole range of ^pecd 
control. 

Denoting the product of the constants hy c. 




(171) 


wo obtain the equation for Ibe minimum speed of t)ie rotary hjdrauJjc 
motor shaft. 

1 Vpmln tt’T'w 

The transition, or critical, speed, i c transition from the range of pump 
control to the range of rotary motor control is determined at the maximum 
ratio of the control factors, this being equal to unity. Then 

C-Jf (173) 

The maximum speed of the rotarj hvdrauhc motor is 


I V’pmax 

n.'na* 

In hydraulic couplings (see p 272). ft ~1 nnd t|=l, tlien 
A'm ^ Ap. n.„ - »ln,m and n, - 


( 17 ',) 
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If the torque can he converted, then i.e. Km>Kv 

nj ^zmax 

For the same electric motor speed a gearing-up arrangement (ij > 1) 


is required and therefore the critical speed should he 
In high-speed drives R<Ci, i-e. Km<iK.vi 

Wj <I tliTnax 


(175) 


In this case, with the same electric motor speed, a gearing-down arrange- 
ment in which ii< 1 is required. 

The maximum speed of a rotary hydraulic motor depends upon the con- 
struction of the drive and the quality of its manufacture. The maximum speed 
of radial-piston drives does not usually exceed 1,600 rpm. Axial-piston 
hydraulic motors run at higher speeds, up to 2,500 rpm, because the mass 
of the cylinder barrel assembly of such pumps and motors is symmetrically 
distributed in reference to the axis of rotation. 

The quality of manufacture of a drive is characterized by the minimum 
speed of the rotary hydraulic motor at full load. It may be as low as Unmin = 
= 40 to 50 rpm at a pressure of GO to 65 Icgf per sq cm. 

The static characteristic curves of a rotary drive are shown in Fig. 111. 
The speed control range of the rotary hydraulic motor does not exceed 1 : 3, 
as a rule, while the control range of the pump is considerably higher — from 
1 ; 400 to 1 : 450. Variable-displacement pump control (Fig. lllct) maintains 
a constant torque Mim on the shaft of the hydraulic motor, and a linear 
variation of power consumption N and speed proportional to the rate 
of flow. Variable-displacement motor control (Fig. 111&) maintains a con- 
stant power consumption with a varying torque on the hydraulic motor 
shaft, A characteristic curve of this type is desirable in machine tools having 
a hydraulic drive for spindle rotation. 

The volumetric efficiency of a rotary hydraulic drive can be readily deter- 
mined from the idling speed Rji and .speed n^i under load of the hydraulia 
motor .shaft. Thus 




”21 — ”21 


”21 


, j 

”2i 


onf with closed oil circulation (Fig. 112, see also Figs. 

201, 20/ and 209 of Vol. 1) is employed in ca.ses when it is necessary to sub- 
stantially reduce the capacity of the oil tank in small-size high-speed machine 

transportation machinery), 
as well as to stabilize the friction forces to some extent. This circuit re- 




Fig 111 Static characteristic cur\c3 of n rolarj drup 
i5j.7®f‘®ble-<llsplacenient pump and flied-dlsplacwBcni roUnr hydraulic motor ib\ ft»».,iw4t.,sT.- 
®«nt pump and ^arlatHe-dUpIaccmcnt rotaa hydrauMc motor <rj rarlab MlaDla«m^m^^^ 
and hydraulic motor (comMnatlon control!) piariTncnt pump 


quires U\o pumps low-pros'Urepump5nnd lugli>pre«siirc pump 2 . Tliohtlpr 
of the \ariablo-di«pIaccmcnt tjpc The lou-prc<!siirp pump suppljc** 
jne high-prcssure pump and 5imullnncou«ly compcn«alps for \olurnpIrir 
‘os^os in the system, ns ttcll ns /or llic dinerences m \oliimes on the right 
•'nd left sides of the piston (if a 5ingJc-cnd rod cjJmder is used). Moreottr 
pump de\elops a hackprc'surc nhich le\cls out the x.nriahle friction 
*^Tk degree 

, high-pressure pump pro\idcs the required pulling force and controls 
piston speed 

" a single-end rod piston is cmpIo>ed. ns m Fig 112 , which Iratds nin 
''docity i;,, then the circulating rale of flow in the sjMem is 

Orf ” » 
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Fig. 112. Speed control in a hydraulic circuit with closed oil circulation: 

J — variable-displacement pump; 2 — pump displacement control gear; 3 — control lever; 4 — power 
piston; J and c — chokes for braking the power piston; 7 — check valve; S — fixed-displacement auxilia- 
ry pump; 9— check valve; 10 — relief valve; J I— backpressure valve 


Since the piston areas are not equal on the two sides, the differences in 
displacements and all the volnmetric losses in the system are compensated 
by the delivery of pump 8. Hence 

Qpz^v^{Fi~Fo)i-qa {176) 

As the piston travels in the opposite direction, a surplus of circulating 
flow occurs, since the discharge Qp, from the cylinder exceeds the input Qpi, 
i.e. Qpn > Poi't of this surplus oil drains back to the tank while the 
remainder compensates for volumelric losses. In this case 

dQ — vz {Fi — Fz) — opz 


( 177 ) 
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Fi|? 113 Speed control of t roiarj drnc m a lijclnobc circuit willi clt ««d oil circulation 
/ * <r antf /—cheek lalres rf— h/ff pre«*ofe reftef talte relict vahe of make-up jump 


A ‘ilsiom of clo«cd circuhtion for hidriulic roiipj or rcciprocttiiiij dnsp- 
requires prcfilhnjr Therefore nir bleedinp plup« niii«l be jirosided for rcloi- 
iiiff air tripped in the «>«lem Air pockets in the sjetoin «!inrpl\ iip-oi 
uniform opention of the hjdnulic motor and m «ome ci«e‘- thei itilernipl 
oil Circulation 

Closed circulation is isidclj applied in rolnrj drnes (1 jp 113) due to the 
compact and simple facilities ihcj proMde for coritrolhng the di«plicpinonl 
of the pump op hydraulic motor 

The shaft of the rofara h>draulic motor is re\crscd culicr hj shifting tfa 
slide block of the pump or motor lhroiii;h Iheiieuinl position or b\ re\(r« 
inpthenow aMtha\al\i In the litter cisp the trin«itioii proce«v in rt \er il 
proceeds con«idernlil> faster (Inn m reaorsal b> slnftmi? the slide Hock 
\n uiterchamje in pro NiireH occtiri. in the lines lelwcen the pump and 
motor in a re\er-jble driAo fhij; II I) This is accomplished bj cjieck \al\( 
f and 2 hasintj the «auu. purpo o a- mKo J (hu» lOi) and capable of repleii 
isjiing’ small losses in Hou low diJner> i,rir pumps are u«p/I for n/id 
rcpletushmcnt and to maintain a constant make up pressure Tlie le\el of 
prc'sure of these pumps and cou equentl> the le^el of the nnkt up prc' iin 
Is determined b\ the makeup relief \ahe 6 

Vnhes 3 nnd 4 emhlc (he hitrli pres-^ure sa/etj relief \iUc 5 to openfi 
in a reacrsible cjrlc t pon an o\orload the rolarj li>dr-»ulic motor ‘lop 
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but the pump continues to operate, its full delivery passing through valve 3 
or 4, in accordance with the direction of rotation, and further through safety 
relief valve 5 and check valve 2 ov 1 into the suction chamber of the pump. 

A gear pump can be used, moreover, for controlling the servomechanism 
which varies pump displacement, for example, in high-power drives, with 
automatic controls, etc. 

Safety relief valve 5 (Fig. 113) limits the maximum pressure of the pump. 
In idling, the discharge pressure is greater than the backpressure pa ^nd 
the consumed power is expended only in overcoming the friction resistance. 

Upon an increase in pressure, for instance, when the load is switched in, 
the backpressure drops, check valve 2 admits oil and the make-up pressure 
Pq is equalized with the backpressure p^. At po ~ Pt-, valve 2 closes and the 
delivery of the gear pump is drained back to the tank. This is repeated each 
time the load changes. 

When a load is applied, the rate of flow through the pump (subscript p) 
is equal to 

QYp~K'p(Op~Op{pi~p^~apPi cu cm per min (178) 

where Q-yp = pump delivery to the pressure line, cu cm per min 

Ap = pump ^displacement, cu cm per rad, equal to TiTp = ^ 

(value of Kp is given on p. 279) 
o)p = angular velocity of the pump shaft, rad per min 
cTp = coefficient of internal volumetric losses of the pump, cm® per 
kgf-min 

ffp = coefficient of external volumetric losses of the pump, cm® per 
kgf-min (here py and pg are given in kgf/cm^). 

Likewise, the rate of flow passing through the hydraulic motor (subscript 
m) at the same load is 

<?277i = -f (Pt — Pz) + (^mPi CU cm per min (179) 

Equating the right-hand sides of the last two equations we can write 

a>m = ~r-[KpCOp~Ap(ap + am)—Pi + (180) 

^771 

or, substituting the pump control factor ipp for the specific displace- 
ment Zp, we obtain 

^ IhfpCOp—Ap (np + Om) — Pi (Op -j- (181) 

Km 

where kb is the specific displacement of the pump per unit of the pump control 

factor, i.e. kb = ^. 

4>P 
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2S9 


By equating tJio angular Nolocitj ol Uic lijdrouhc motor to zero (w^ = 0) 
\sc obtnin tlio minimum control /actor for the given pre'«ure drop Jp ~ 
= p, - Pj Thus ^ 

K+^n) - Pi {Op -f Ojr,)] (182) 

Internal volumetric lo ecs are due to the pressure drops and to clearances 
hetueen contacting surfaces la movable and fixed joints TJie«e lo''«es remain 
in the system hut do not participate in the transmission ol energj to the 
hydraulic motor 

External losses arc losses through «oaljng /aciJilies that arc in direct con- 
tact with the atmosphere (packing glands of the piston rod, pump shafts, 
motor shafts etc ) 

A f'^i ' ’ ' ' using an arrange 

ment • lenls most ol the 

po^er ’ through a dillcr- 

cntial mechanism and the Ios«er part through a h>draulic transmission 

The two input powers arc summated on the output shaft of the differcn 
tial mechanism In such drives, the torque and speed ol the output shaft are 
controlled hjdraulicall) bj a vanahlc disphccmcnt pump 


f2>3 FIomt Conlro) of Hydraulic Motors 

A flow control \ ilio is a local h)drau]ic rcsiotancc, spccialli designed lor 
controlling the speed ol a rotating or reciprocating hydraulic motor and 
installed in the line of fluid flow 

The feature tint distinguishes a flow control valve from ordinary locnl 
restriction*' for instance pressure control valves is tint its orifice for fluid 
flow vs varied only by external action while the orifice ol a pressure control 
valve 13 varied by (he action of (he fluid flowing through 
The conlrolhiig action of t flow control valve is ba'od on the fact that the 
hydraulic rc'sislTnco vines with virntion in the orifice This chinges the 
pressure drop ind con«oqucnll> the rale of oil flow through the vilvc 
The resistance coelficient of i flow control valve depends upon many iictor«, 
such IS the sh^rprle«^ of the edges of the throttling orifice its «hape m the 
cross ami longitudinal sections the oi( tempenturc etc Coii'Cqucntly , the 
flow control proco s is quite complex 
The hydnulic resntmee 7?^* of n flow control valve should be gmler 
tlnn that of the piping and relief valve Ifg ('co higs 114 115 and 110) 
The Ic«s chirp the edges of the throttling orifice the lower its re^ictancc 
Shirpnc«s of the edges is usually measured in rehlivc values— the ratio 
of the radius r of tlie entrance edge to the dnmetcr d of the intake hole This 


t»-303 
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ratio varies with variation o£ the throttling 
orifice. Thus, the larger the orifice, the 
less the effect of the sharpness of the edges 
on its resistance. 

It has been shown experimentally that at 

4- > 0.2, the sharpness of the edges has 
a 

almost no effect on the resistance of the 
flow control valve. 

Distortions of the fluid stream sharply 
affect the characteristics of a flow control 
valve. It is therefore advisable to install 
a flow control valve in a straight section 
of the piping of a length at least (20 or 25) d. 

Depending upon the nature of the source 
of supply, flow control is classified into two 
basically different types; (a) with installa- 
tion of the flow control valve in series (see 
Figs. 114 and 115), and (b) with parallel 
installation of the flow control valve (see 
Fig. 116 as well as flow control valve G 
in Fig. 194 of Vol. 1). 

Systems (a) are more widely employed 
in machine tool engineering. Systems (b) 
are not suitable for circuits requiring rigidity or when several hydraulic 
motors are supplied from a centralized source (see p. 278). 

In circuits (a) the flow-control valve can be installed either to control 
the flow of oil to the hydraulic reciprocating or rotary motor (Fig. 114, as 
well as flow control valve 6 in Fig. 194 of Vol. 1), or to control the rate of 
discharge from the hydraulic motor (Fig. 115, as well as flow control valve 
in Fig. 219 of Vol. 1). Circuits using the first method of control are called 
meicriug-in circuits-, those using the second are called metering-out circuits, 
A metering-out valve maintains a more uniform speed of the hydraulic 
motor; such circuits are usually applied for short travel and low hydraulic 
motor speeds (o<l m per min). However, the power consumption is higher 
in a metering-out circuit, in comparison Avith molcring-in arrangements, 
because of the effect of the acting backpressure 
Conslant-displacemont pumps are used with either type of flow control. 
In Soviet machine tools, these are either vane pumps, model ri2, or gear 
pumps, model Fll, depending upon the pressure required in the hydraulic 
system. 

Tlie officioncy of a system with flow controls is always less than that of 
one with variable-displacement controls. To compensate for this difference. 



Fig. 114. Meloring-in circuit for 
coulroUiug piston speeds: 

jr— pump; e— relief valve; flow 
control valve; ■/— Iwo-posltion dircc- 
tionnl valve 
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;>~purep «->-r«ller %alT« 3— no« control 
^alTC 3— two-posuion airfcllonal r«l»e 



nC Circuit mill larallcl in<tat 
latiOQ of tic 0o\v roiiirol ^al\{ f r 
fontrdlinj; pi«ton 


Iho mcchnnical cfficicnc} of conslint displacement pumps should he Inpher, 
Ronerallj speaking tlian tint of \ariahle displicement pumps This cannot, 
however be achieved in all ci«os Flie maximum elficicnc) of a flow control 
sjstom IS about 0 G5 or 0 07 

A certain part of the eiicrcj is expended and dispersed in the throttling 
process For this reason flow controls find application in Iijdraulic sj stems 
with a low power consumption up (o 3 or 3 5 k\\ On the other hand in 
cases when fast response or a high intensification factor is required flow control 
sjstcms are superior to all other possible solutions 

The pump deliverj depends upon the mniimuni trari«Intorj or periphcr 
al velocitj of the h>draulic motor the mniimum \oliimDtric los«cs m the 
System and a certain additional flow lint continuously drams hack to the 
tank hut is ncccssirj in order to maintain constant pre «urc in tin «v«lem 
riijs additional flow qg is cstal lisfied lij adjustment of tl c spring of relief 
valve 2 (Figs 11/| 115 and 116) 

The required pump delivery for a hydraulic cylinder is 

while for a rotary hydraulic motor it is 

Qf = hnn'‘ opi^qg (IB'O 
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where v[ and n" are the maximum velocity of the piston and maximum rota- 
tional speed of the hydraulic motor shaft, respectively. 

There may be two reasons for nonuniform travel or rotation in a flow control 
system. 

(a) One is the provision of a restrictor in the pressure or drain line, i.e. 
a sized orifice, through which the flow is Q = C J'^Ap; thus the stability 
of flow and consequent stability of speed depend upon the constancy of the 
pressure drop Ap. This is the so-called structural nonuniformity of the speed. 
In the circuit in Fig. 114, Ap = Pp — pp, in Fig. 115, Ap — p^ — p^; 
and in Fig. 116, Ap — pp — p^. 

(b) The other is kinematic compliance which depends upon the internal 
and external volumetric losses in the system. 

Volumetric losses in the pump of flow control systems, such as those in 
Figs. 114, 115 and 116, only slightly affect the kinematic rigidity. The circuit 
with parallel installation of the flow control (Fig. 116) is the most sensitive 
to volumetric losses in the system and to changes in load. For this reason, 
it is mainly used in the servomechanisms of control facilities. 

Consequently, nonuniformity of speed in flow control of a power load 
depends upon the structural nonuniformity. 

Assuming that the no-load velocity (Fig- is 



Fi 




■Ps 


(a) 


where ps is the pressure required to overcome the friction forces and other 
resistances (see p. 265), then the velocity yj, at a load which develops the 
pressure p, is 

Pp — {p-^Ps) (b) 


Next, using equation (161), we can determine the degree of structural 
nonuniformity. Thus 


x=i-y iiL_?£r£,=i_]/ i — p__ 

Pp — Ps Pp~Ps' 


(185) 


The larger the ratio of p to the difference pp — pg, the larger the degree o 
■structural nonuniformity vill be. ^ 

With a reduction in area of the orifice in the flow control valve, the resi'it- 
■ance in the pressure line increases, pressure p^ in the cylinder decreases" "as 
does the rate of input flow and velocity of the piston. An increase in the 
■orifice area increases pressure Pi, leading to a corresponding increa'se in 
piston velocity. 

If the orifice in the throttle is made with a special profile, the pressure 
Pi in the cylinder and the piston velocity will vary in accordance with this 
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profile Therefore, in addition to control 
circuits, parallel installation of the 
throttle has found application in hj- 
draulicde\ ices requiring periodic change^ 
in the pressure transmitted to the hj- 
draulic motor (examples are clamping 
doMccs, friction clutches, certain tjpes 
of presses, etc ) 

Since, at each point where the Dow of 
fluid IS diMdcd, the algebraic sum of the 
inflow and outflow is equal to zero, we 
can WTite (Frg ffC) 

— ~PfFi (I8C) 

where //js=discliargo coefficient through 
restriction H 

FissQTca 0 / oriCco through re 
slriction n 

Hence the piston aolocitj i« 

‘’i = ^[Qp-<’Pp-F,/fppF,) ( 187 ) 

When the flow control ^aJio orifice 15 entirely closed, » e at maTimum 
piston aelocitj, wo can wnto 

v.^-r^m-ppp) (‘■'f') 

where <7 IS the coefficient of aolumctnc lo'scs in the sjstcm. 

ft IS evident from the last equation that ll»5 flow control method is sen- 
sitive to changes in pressure and to volumetric los«cs in the sjslcm 
Using parallel installation of the flow control valve, the power transmitted 
to the hidrauUc motor can be controlled in a wide range, from zero to the 
maximumvalue bj v arjingtheresi«tanceof the valve Since onl> one restric- 
tion is used in the given circuit it is impo'-sible to reverse the hjdraulic 
motor with this resistance Reversal bj moans of resistances requires a vaho 
with two resistances or Iv'O flow control valves (Fig 117)— the «o-called 
differential flow control, in which the pressure line is connected to the c>lin 
dor end with the lesser piston area which should bo F. = 0 5 Fj 
The pressure is maintained stable l>> the provision of metering orifice /. 
its magnitude is regulated bj relief vihe 2 The sire of metering orifice J 
must bo calculated 

If the resistance is regulated b> means of restriction /?, the pre««urc p, 
in the right end of the cjhnder (in Fig 117) will varj corresponding^ 


t} ^ __ V V, 



Fig H7. Diffrrenlial flow control 
of piston speeds 

Z— oeterlnirerlf/ee (dnpbracm) r— relief 
TsiTe j— tbrelDe <— purp 
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Fig-. 118. Throttle with aa ori&ce 
o{ diaphragm shape; 
a — tlirotUe 


Fig. 119. Throttle in the form 
of a helical groove: 
a— sleeve 


For tentative and, in some cases, checking calculations, the maximum 
cross-sectional area of the throttle orifice can be taken equal to FI ^ 0.08 
where do is the inside diameter of the piping. 

According to ENIMS, the flow through throttles with orifices of diaphragm 
shape (models r77-ll and r77-31) is 

Q = 70FiY ^Pth litres per min (198) 

where Fi = area of the throttle orifice, sq cm 

^Pth S 0.34 Pi = pressure drop in the throttle, kgf per sq cm. 

Throttles of flow-control valves used in the hydraulic systems of machine 
tools must provide for an approximately constant flow at temperatures 
varying in a fairly Avide range {T = 15° to 50°C), Tests show that satis- 
factory results are obtained when the length of the throttling slit is reduced. 
Therefore, the length of the orifice in new throttle and flow-control valves 
designed in ENIMS is equal to 0. 1-0.2 mm. The flow through such an orifice 
approximates the ideal case of flow from an orifice with a flow factor of 
fi ~ 0.75 to 0.78. The conductance of such an orifice varies with the pres- 
sure drop according to a parabolic function with an exponent of 0.5. The 
flow is almost constant in the above-mentioned temperature interval, 

A throttle with an orifice of diaphragm shape is made by milling slit a 
in the hole of the stem (Fig. 118). Such an orifice can also be obtained as 
the mating of a helical groove on the stem with the longitudinal slot a. 
(Fig. 119). 


12 4 STABIUZINa THF SPFED OF THE inDnAUIlC JlOTon 


207 


12-4. StablMng (fie Speetf of (he Hydraulic Motor 

Structural nonuniformity of motion is inherent in flow control ('Cc p 292) 
and 19 due to \ariation in the load lending; to \ari'ition in the prc«‘;urc drop 
in the flow control \aho 

Speeds can be stabilized b> meansofarcductni;\al\c capable of maintain* 
inp an approximately constant pressure drop if it is properlj connected to 
the flow control xal\e 

In mctenng-in speed control, the flow control and reducing \aUe are con* 
nected in parallel (Fig 120), thej arc connected in 'ones for metering* 
out control (Fig 121) 

When u«od for mclering-in control (Fig 120), the force p,f, cicrfcd h> 
•spring 1 of the reducing xaUe compensates for the pressure drop in the 
flow control aaho Thus 

P^P=fr(Pj> — Pi) ( 1 ^^) 

where {d^ — d\) ^ cffectixc area of spool 2 in the Nal\e. 

This equation does not take into account the reactiae force dcseloped as 
fluid flows 04cr the conical tip S of the xahe piston on its wi> to the tank 
through the outlet hole This force depends upon the shape of the outlet hole 
Deflector 4 is pro\idcd and spring 1 is additionnllj comprc««cd to balance 
the xahe piston 

As the load on the power piston is dccrca«ed, the pre«<urc drops and the 
aahe piston shifts to the right, increasing the flow of fluid draining to the 
tank As a result, the fluid flow to the power cjlinder is reduced The pre«'*uro 



Fur 1'’0 Flow control mI'c with prr««un. comjHMiMtor uHil in motcring m ‘i-ccd 
control 

reducing tiItc erring r— reducing tsItc rtston 4— conical tip of eaWc pUton r— defector 
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^ (where = P + Si), the end of the power cylinder, decreases 

somewhal, but the pressure drop Ap^ = Pp — Pi is restored. This circuit 
operates with a power consumption depending on the load. It is therefore 
a more economical arrangement than a metering-out circuit. 

A hydraulic mechanism which is a combination of a reducing valve and 
a throttle is called a pressure compensated flow-control valve whose purpose 
is to stabilize the speed of the hydraulic motor in the circuit. The reducing 
valve reacts to each change in the force acting on the hydraulic motor, 
automatically adjusting its orifice for the corresponding fluid flow. 

As an example, we can consider the circdit diagram for speed stabiliza- 
tion usually applied in Soviet machine tool engineering for metering-out 
controls (Fig. 121). Upon steady operation, the amount of fluid passing 
out of the power cylinder and passing through orifice area of the reducing 
valve, is equal to the amount of fluid passing through orifice area Fth 
of flow control valve 5, i.e. = Qa- 

Upon a sudden increase in flow to the intermediate chamber 5 (for instance, 
when the tool runs out of the metal in planing), the input flow {Q 2 ) exceeds 
the output flow {Q3). The surplus will raise valve piston 6. The pressure in 
intermediate chamber 5 varies proportionally to the surplus (or decrease) 
in the amount of fluid. The following equation is therefore valid: 

where p'^ — initial pressure in the intermediate chamber 
Aps — pressure increment in the same chamber. 

Stabilization circuits have two elements: the controlled member (hydrau- 
lic motor) and the stabilizer (pressure compensated flow control valve), in 
which the role of the sensitive element is played by the area F'^ (Fig. 121) 
of the reducing valve piston. The member linking the sensitive element to 
the hydraulic motor is the flow control valve with an orifice area F^. In 
its principle of operation, this stabilization system belongs to the category 
of static systems of direct control (each value of the controlled parameter 
corresponds to only a single position of the control element). 

Representative of static control is its nonuniformity due to the absolute 
static error which is equal to the difference Am = m — m^ between the 
current position m of the reducing valve piston and its nominal position iiiq. 
Hence, the nonuniformity of control is 

^ _ ^^max ^min 
mo 

If the cmUrolled parameters I’emain unchanged during steady operation, 
i.e. uhen = Q 3 (Fig. 121), then, as soon as this equality is upset, the 
parameters begin to change. The rate of this change is the higher, the less 



Vip 121 Flow conlrol %nl'i w itl» in mclennK ful jp'od fonlrol. 

throttle. #— port to tank; J— intcrmeiltJte cLamber. 


?— damplns de»lcf 


tf— cnushroom-ltr*' PUtoo ot reduclDK rah* 


Titucine ^alTC (prins 


lUc volume ol the hydraulic ^yblcm. Iho stealer Ihc vUnercuce hctwcon the 
nmounl« of iiipiil mid otiiput Huid .tnd rlic le-s the nccumul.itinfr capacity 
of the hydrauUc syslem ^ « . i .1 

Lol U" dcuoie iho flow to the conlrol clemenl by (),. the flou through the 
control element by Qj, the controlled parameter (hydrmiUr motor »» 

the Riven ca^e) by r. and the F>aramcter of ilie control element (tratel of ttic 
reduciiiR valve piston m the Riven ca«e) by /t. 
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The rates of flow and are governed by the controlled parameter v, 
and one of them is also dependent upon the parameter y. of the control ele- 
ment. Thus, for example, the rate of flow Qn (Fig. 121) is dependent upon 
parameters v and /i, while is governed only by parameter v. 

As a rule, stabilization circuits are single-capacity controlled members 
with two co-ordinates. 

When equilibrium is upset, for instance at a decrease in the load, the 
input flow will exceed the through flow, i.e. >■ Qz, and then we can write 
for the transient process that 

W = « (200) 


where Q — index quantitatively representing the stabilization process, 
i.e. the flow of matter passing through the stabilized member 
(force pulse, oil flow to the hydraulic motor, torque pulse, etc.) 
'& = index characterizing the inertia of the system. 

For instance, in translatory motion, index '& represents the referred mass; 
in rotary or oscillating motion, it represents the referred moment of inertia. 

For the sake of simplicity, the functions of the flow rates Qz and Qz in 
equation (200) are given as dependent upon two nonlinear parameters. Actual- 
ly, they depend upon many nonlinear parameters. 

Stabilization and control systems are investigated by making use of a 
linear model of the process;* real systems of equations are converted into 
linear systems by expanding the component variables into a Taylor series 
according to the powers of their • increments. The values of orders higher 
than the first are disregarded due to the small deviations from the steady 
state. 

To linearize equation (200) we assume that 

V = To -j- Av and ^ = //q 4- A/t 

where the sj’^mbol A denotes an increment as usually. 

Expanding Qz and Qz into a series we obtain 


<?2 — Qz.o -[ 

Q 2 = C^3.0 4 


5Q2 


dv 

dQz 

dv 


Av 


0 Q 2 


d(i 


Ay-\- 


At4- 


(a) 


In these wi^itions, the subindex 0 indicates steady operation at which 

Vs.o /O — Q 3.0 Taking this equation into consideration and substi- 
tuting equations (a) into equation (200) we can write 


0 


(l (4v) 
~df~ 
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IlchliNp— dimensionless— \ilues are introduced to /acilitnte the nnnli<is 
of this equation For this purpose nil the increments of the \ariables ore 
reduced to their nomiinl or m'lximum \ilues Then all the \arinbles will 
bo dimensionless and their coefAcicnts will le either dimensionless or will 
ln\c T time dimcnsiomlit} Tims let 

and d«s=//e/5 


After substituting those values wo Invc 


-^1 

' a V 

V > 

dt 

fQ , 


\ 






Isow we introduce the following notation 


and 


oQ 


V </i av ) 


Then the preceding equation can lo written ns 

T„^ + oa=p (201) 


where Tj = time const uit 

a — self regulation factor characleriring the propert> ol the sj stem 
as concern*? stabilization 

\t o > 0 tlio sjstcm requires no stabilization device smcc it pos<e««os 
self regulating properties At o < 0 the controlled memlcr is not capallc 
of self regulation and con«eqiicntI\ stabilization facilities arc needed 


12-5 Synchronizing the Movements of Simultaneously 
Operating Hydraulic Motors 

In some cases as in lioi-img and handling equipment )i>draulic pre««e« 
nnchine fixtures (for clamping at several pouts simuUancoa«lj) and in 
man\ other devices employed in various fields of engineering it maj le 
ueco««ar> to sjnehronize tbe movements of hvdraulic motors 

In practice il enn ie observed that tlio sjnchronism of hjdrauhc moUrs 
IS up el from the verj moment llioj start due to the difTcrence in the «litic 
friction forces developed in various parts of tbe motors S\ncbroni«m is not 
restored during subsequent motion of tlie«c hjdraulic motors. 
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Various circuits are used to* 
synchronize the movements of two 
or more hydraulic motors (power 
cylinders or rotary motors). Most 
widespread are circuits with flow- 
divider valves, 

A necessary condition for more 
or less accurate synchronization is 
that the hydraulic motors must have 
the same characteristics: equal 
piston diameters for power cylinders 
and equal displacement of the rotary 
hydraulic motors for rotary drives. 

Throttle-type flow-divider valves 
(Fig. 122) have found wide applica- 
tion for synchronizing circuits. The 
pump output Qp is delivered at 
constant pressure Pp into chamber 
a and further, through two parallel 
lines, through resistances 21 Ri and 
the oil passes into chambers 
Fi and F^. At rates of flow and 
Qz , respectively, the two streams 
of oil pass through throttling orifices 
6 and 7, to the ports of lines 3 and 
4 which are connected to the two 
hydraulic motors. 

If the loads on the hydraulic 
motors are the same, the pressures 


t I • • 3 and 4 are equal, and the 

“ar'a;ilirmrrr(i?ow“r divider plunger D is in its central 
pisions); (neutral) position, in which it di- 

j nnd power pistons; js—piimp; relief vides the pump outpul equally be- 

surcs^ ylnmf 's— * ■ ■ tween the two hydraulic motors. If 

« Joheck valves; pressure in line 4 increases due 

Uircc-position directional valve; 5— connecting tO au incrCclSe iTl load, tho PresSUrO 

iiiroltlc; Ft and — areas of the flow-divirinr i * • i t ^ t 

plunger oiviticr increases m chamber e so that 

divider plunger D shifts to the left. 
, .p At this, throttling orifice 7 increases 

and orifice d is reduced. The pressures in the chambers will continue to 
change until the pressure drops are equalized, thereby equalizing the rates 
of flow in lines 3-J and 4-2. 
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Uhon the pressure jn lino 3-1 becomes equal to tint in line 4 2 , hjdrnntic 
motor 2 stops, and di\ider plunger to (lie right, clo«ing the tlirottling 
orifice to «omc extent Then hydraulic motor 1 aI«o «tops 

Tlie ratio of the duided rates of flow •^Iiould not exceed 2 1, and e\cn in 
this limiting case, an error in *:jnchroni«m not overd per cent can he guaran- 
teed 

An incrca«o in flow through the di\iding \al\e aho\c the indicated limit 
leads to a reduction in the cfficiencj of the s>stcm, wliile a dccren«e in flow, 
below a definite \alue, ma> charplj increase the error in flow di- 
\iding 

The response time of the flow dixider xaKc has a marhed effect on the 
accuracy with which it operates This lime depends upon the effective area, 
weight and travel of divider plunger i) The less this travel, llic more 
accurately the flow will he divided 

At high pressures in the system, this accuracy aI«o depends upon the 
compressibility of the oil and the volumetric Io««esof the pump It is ihcrefon 
advisable in such cases to install the divider valve as clo«o .as possible to 
the hydraulic motors 

The action of a flow div idcr valve is somewhat similar to that of a Wheat- 
stone bridge Oil flow in the dividing linos is 
= nnd Pp— 


Since, according to the conditions, Pi**Pj. the right sides con be equated 
Therefore 




y nx 


12-6. Hydraulic Power Amplifiers 
and Tracer-Controlled Systems 

Hydraulic ampUfiorsarc evteiisivelv employed in systems forthe automat- 
ic control of the operation of a great variety of machines Ihc-e devices 
are hydraulic mechanisms of sm.all overall Mze which are characterized by 
high amplification coeffictenls fa«l response and high dependability 

Most commonly applied in machine tool dc'-ign are spool type hydraulic 
amplifiers distinguished for tlieir simple construction small sizo and liigli 
sensitivity Htiidic control of hydraulic amplifiers finds almost no appli- 
cation in machine tool-. 

The block diagram of a hydraulic amplifier (big 123) includes a measuring 
device (seiisiii\o element) who«e purpo-e is to compare (or measure) two 
positions the required position \ fed in bv tbe input clement (/£), ami 
the actual position 1 , reached hy the hydraulic motor (operative membir) 2 
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Fig. 123. Block diagram of a hydraulic amplifier 


The difference X — Y = Z is the tracing error, or mismatch. The error 
signal is fed into converter 1. The measuring device (MB) has two inputs 
Y and X and one output Z. 

In single-co-ordinate systems of tracer-controlled machine tools, the 
input element is the template T (Fig. 124fl), the sensitive element is the 
tracer valve F, the converter (or amplifying unit) is piston 1, while cylinder 2, 
to which the tool is rigidly secured (it is shown mounted directly on the 
cylinder in the diagram), is the operative member in this case. 

The output of the pump is delivered into cylinder end Fi and 
simultaneously, through orifice Fx of the valve, to end Fg with a backpres- 
sure pg' The value of pg is limited by the spring of valve 4. 

The level of pressure pg is determined with the hydraulic motor stationary 
and at a certain preliminary opening Wo.of valve 3 at which the pressure 
drop between the ends of the hydraulic motor is Zip = 0. In this case, 

and, since Fj = 0.5 F^ as a rule, then pg = 0.5 pj. 

•''2 

If valve piston 3 is displaced from position mo to the right, cylinder 2 will 
also travel to the right with a velocity of v-y, and oil from the opposite end 
will be forced out at constant pressure pg back to the tank. 

Pre-ssure py in the right end of cylinder 2 will vary continuously in accord- 
ance with the pressure drop zip in the valve. Therefore, py = p^ Ap. 

If valve piston 3 is shifted to the left (on the diagram) from position mo, 
the pressure drop zip will be reduced, and cylinder 2 will start to travel to 
the left in the direction of v^. 

We can write the flow equations for a certain current area Fx of the orifice 
in valve 3. Thus for junction point a (Fig. 124&) 

Q^ViFy-Yqx (a) 

and for junction point b 

Qo = ^iFz -\-qx (b) 

From those two equations we find the required pump delivery to be 

Q = Q,-vdP2~Fi) 


(c) 







Fig ii-i Sinfftc-<o ordlnilo prallcl Jrater control 
j— piston t— 'Power erllaaer /—tracer ratre /— backpresjure rufte 

Using the concept of conductance («co p 278) we Atermino the rates of flow 

q.=s.Vp,—Pi 

where /*a=conduclTnco of the onfice opening nrn in the Nal\e J and 

wlierc So = conductanco of the opening in \al\e 4 (Fig 12i) 

Substituting these flow aalucs into equation (b) wo obtain 

‘xV P, — P3 = ^f}Vp~—‘,f! 


from aahich the current conduclanco of the orifice area in tlic aalao 3 for 
a tracing speed of i, is 

(d) 


= 50- 


^ p^~p, 


Vf-' 

Maximum conductance occurs at a tracing speed of 1 1 =0 This coruluclanro 
corresponds to the preliminarv opening of the tracer \ihe, le to Its 
position run Hence 
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Fig. 125.’_Singlc-co-or(linale tracer-control system with constant input pressure Pp: 
i— power piston; 2 — power cylinder; 2— tracer valve 


The maximum tracing speed will obviously bo at = In this case, it 
follows from equation (d) that 

(f) 

Knowing the conductance of various openings, and making use of equa- 
tion (157), the geometrical dimensions of the openings can be determined. 
The flow equations are derived in the same way for the direction along 
(Fig. 124); all the necessary data arc determined likewise. 

A parallel tracing circuit of this typo operates Avith variable power consump- 
tion and is therefore more economical than a series tracing circuit and 
moreover, the oil is heated less. However, the parallel circuit Is less stable, 
duo to its structure, than other circuits and is rarely used in machine tools. 

Constant-pressure tracing systems (Fig. 125a and b) are widely employed 
in macliine tool design thanks to their high rigidity and sensitivity. 

Tracer valve ,9 controls the oil discharged from the larger end Fs of the 
cylinder. In the opposite end Aj, the pressure pi — pp is maintained constant. 
'J’hc two ends Aj and F.^ of the cylinder are connected by orifice F^ which 
actually passes through the piston. 

Displacement of the valve pLston changes the pressure in end F^ of the 
cylinder. Tliis, in turn, loads to motion of cylinder 2 and the cutting tool 
secured to it. 

The neutral position of the valve piston, i.e. the position in which the 
cylinder is stationary, is determined from the condition that PiAj = p^F^. 
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Fir 120 Dnsrriin of a «in£[lc co < r«iinalt Incinc u«inc n four cilei Irnrcr m1\u 


Hcnco 

f; t 
ht , 

Pi 

^^hu^o — Pz. 

If the ^al^e pi-'lon is shifiod to the left from it's netitral po'>itjon, the 
cjlindcr amU travel to the left at a «peed i. hecau'c of the diHereiice in 
pi'lon areas on the t«o «ide« 

U«vng the diagram (Fig i25h) and the data giNcn on p 203, there •^lioidd 
he no difricnlt) netting up tlie flon equations and then deterniining all the 
required design data 

'1 Ills IS the simplest i> pc of tracing control cireuit It is ii'inllj emplojcd 
in cases when it is not neres»Trj to reproduce tin contour of the temphtc 
with \erj high accurac> \ilun thin are no slnrplj alternating loads, mid 
^\hen the tracing error is rel.iti\il> «mafl in compirison uiih other errors 
introduced in the sjstein b> olhir merlnnisms and units of llie machine 
tool 

'Iraciug circuits with a four edge %al\e (Fig I2tin. h and c) are used 
uhon higher accuracj of contour reproduction is required, as well a« high 
rigidity. 
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While the operation of singlc-oflgo tracer valves is based upon the differ- 
ence in areas on the two sides of the power piston (sec, for instance, Figs. 124 
and 125), a four-edge valve does not require different areas. Thcj'oforc, 
the latter type of tracer valve can be employed in rotary tJ'acing drives 
as well. 

Such a four-edge tracer valve (Fig. 1206 as well as Fig. 1G7 of Vol. 1) 
resembles a Whoatsto]m bridge to some o.vtont in its operation. It controls 
motion of the hydraulic motor by varying the pressures at the ends and 
Fo of the cylinder. In the central (noutrai) position of the valve piston, the 

orifices of the valve are equal. 'J’hcrefore, ^ and the pres.surcs on the 

■''4 

two sido.s of the power ])iston are also equal. 

As the valve piston .shifts to the right, resistances and R^ are increased 
and resistances R-, and arc reduced. A.s a result, pro.ssuro is reduced 
and pro.ssuro p,, is increased. 

It has been shown tiiat a valve piston inovement of only 0.025 mm can 
ju'oduce a difference i)etween prc.ssures pj and p„ of as much as (10 per cent 
of the applied pump pressure. 

'i'he clearance c~b (h4g, 120c) u.sually ranges from IG to 20 microns. Thus, 
if tlie radial clearance hetween the valve piston and l)ody does not exceed 
10 microns, flow through tlio radial cleaj'nnce can 1)0 neglected. 

Tlie sj)ocd of the ])istoii depends upon the difference helweon the rates of 

flow to tlie Junction points. Jlonco, the speed Vo = • Consequently, 

at V., 0, Q,, = Qi. O'his enables an equation to bo .sot up for tlie Imlanccd 

jiosiLioii of the valve spool (h''jg. 1206): 


or 


Pi~P‘i^Pp~1p.i 

Pp^Pi -\-P2 


(202) 


The Imckpressuro upon ])iston travel in the direction of is 


F2 = 


IMx. 


is .suhstilulcd into equation (202), and it is a.ssumod that the 
orifice of tlio valve lias the shape of a ring, i.c. / = m dm, the required pump 
pressure will he i i i 


Pp^Pi 


Fh^V 




(203) 
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The pressure pi jn the cjlmdor is determined hy equilfon (121) 'Iho 
nou equations for the arms of tlio bridge (tig 12Gt) arc 

<?r=(?i + C>2 and = 

Qp-Qs-hQt and ViPt-Qz—Qt 

The component rales of flott can !« determined on the Lisjs of the 
conductances of the bridge arms 

Qi = s,Vpp-p, Q2 = s.Vpp—P; Oj=^s,ypi 0, = s,K7: 

Tracer-controlled «:cr\omechanism -'j stems arc clo«cd-loop control «} ‘'terns 
'Mill directed connections that conlinuou<>l> compare the specified position A’ 
"ith the actual position 1'' of the controlled mcmlicr Ihis compan'oii is 
earned out bj means of negati'C feedback, operating so that the output 
CO ordinate Y is fed into the measuring dc'ice («ec Tig 123) 

Since tho ccr'o 'al\e docs not perform aii> work, it does not tran«mit 
energy, hut only controls the operati'c member Con^cqucntlj , it is not llie 
power of signal X of the input element that is of prime importance, hut 
oiilj the information about this signal 

Continuous-action tracing «5>stoms ha\e found widest application 
in machine tools In those sjstems tho control sign.a) appears simuUanooti<ly 
with tho mismatch E'ldentl}, the lo«s tho mismatch, the more nccurato 
tho tracing action will be 

A hjdraulic amplifier is cliarnclenzcd by the coefficient of power amplifi- 
cation Kp which 15 defined as (he ratio of the output force i* to t)ie input 
effort C, 1 0 to tho force exerted on the \al\c spool. In many ca«e'!, xnlues 
of A'p > 3 X 10* are obtained in Ii>draultc amplifiers 

Tho quality of a hjdraulic amplifier is a‘='e«<‘ed hy the qualitj factor Qi =■ 

^ "hero the time constant T = 0 005 to 0 01 see 

In rotary tracinf; driiea the quaJilj factor is the ratio ~ , where 
Wy Is the steid> idle angular \cIocilj of the output «liafl, and 6 is llic mis* 
malcli angle 

Tho quality factor of translator> and rolnr> tneer controlled driM-. is 
assigned so that tho >clocil) and ctatic errors of (he >=\slcm are within the 
specified 'alue** In addition, the ‘•fern must ha\o a «:uiricicnlli high nnrgui 
ol «tahilil> 

In «omc cases, the qualilj factor Qt is •4‘leclrd acconling to the freqm ricy 
re-^pon«o curxc^ of tho ‘5>‘=tcm 

Ihrcc t5pes of \aKes are u«ed iii tracer conlrnlied «><‘tcm‘' Tlie fir«t 
tj pe includes \al'cs with underJap (hig UOc) m which there is alwi>s a cer- 
tain oil now when the ^alxe is iri the neutral pOMlioii Such \al\cs are higbij 
sensitive hut consume sfightlj more power for the fionproduftive flow of nil 
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Fig. 127. Tracer-control valve with 
overlap blocking off the pressure line 



Fig. 128. ‘ Tracer-control valve with 
zero lap blocking oil the pressure line 


in the neutral position of the valve. Valves of the second type have overlap 
(Fig, 127) so that in the neutral position the input port is closed and flow 
from the pressure line is drained back to the tank through the relief valve. 
These tracer valves are used when it is necessary to switch on the hydraulic 
motor periodically, as in control units, step motors and selectors, etc. These 
valves have a dead zone, determined by the difference A = b — c; this 
promotes an increase of the time constant T. 

Efforts have been made to raise the rapid response and sensitivity by employ- 
ing the third type of valves, the so-called zero-lap, or ideal, valves (Fig. 128) 
in which h — c = 0, Such valves, however, require high accuracy in manu- 
facturing and installation. An additional part — a sleeve made up of separate 
rings a has been provided to facilitate manufacture. 

In the USSR tracer valves are usually made of alloy steel, grade XIH 
or 18X2H4BA, which is subsequently carburized and hardened to .59-62 Rc. 
If the valve has a sleeve, it is made of steel, grade 40XHMA or XF, heat-treat- 
ed to the same hardness. The end faces of the rings must be precisely ground, 
and be strictly square to the axis. The face runout of the ends should be 
within 3 microns. 

Following heat treatment and hardness inspection, the sections of the 
valve spool are to he ground to the 10th or 11th class of surface finish accord- 
ing to USSR Std GOST 2789-59. The permissible out-of-roundness and 
taper should be within 2 to 5 microns. No breaking or rounding-over of the 
edges is permitted. The valve spools are ground individually to their bores to 
obtain a clearance of 5 to 12 microns, in accordance with the valve diameter. 
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12-7. One- and Twe-DJmenjJonaf ConlroVed 
Tracer Systems 

Hydraulic tracing slides arc attachments uidoly u«cd in the nictnl-ttorking 
industries. They arc mounted directly on engine lathes and are u'cd /or 
turning stepped, tapered or contoured surfaces of rcvoliihon. 

The Jjcst knoun of these slides in the So\ict Union is model /\CT-f optr- 
aling on the circuit sliowii in Fig. 125, This, mxl other fracing «Jidrs for 
lathes operate on the ono-dimen'sional controlled tracing principtc, i.e, 
the \elocity s of the input motion Is constant and this motion is drisen hy 
the lead screw or feed rod of tJic lathe. Tlie \olocity i/ of the tracing motion 
of the cutting fool is olitained hy gcometric.aliy adding the carnage velocity 
5 and tlio velocity of the piston (Fig. 129fl, h and c). For a section heing 
traced (Fig 129n and c), vve can wtUo in accordance vvilli the law of <inis 
that 

« _ *1 

5in(^ — c) sine sin/l 


where /9 is the angle between the tracing slide and tlio main slide of the 
machine. 

Making use of lhc«c equal ton«, and suhslUnting the value*, of angles fi and 
a, vve can find V/ in accordance with s, a and fi. 

It is evident from thc<o equations that in the general case of turning 
a contoured surface of revolution, i c when the velocity of the Input motion 
is constant but the angles and a are variable, the obtained resultant veloc- 
ity Vi can be calculated as 

«in(o Pi 

This indicates that at constant velocity s. velocity i', — f {(z, fi) will l.r 
variable, in some cases in a wide range This Is one drawback of tins l>j)e of 
tracer-controlled maclmiing 

The angle a of the rising slope of the contour (Fig. 129rt) may vary from 
<z = 0, in turning a cjlinder, to a 90 

in turning a di"'Conding sjopp of the contour fF/g the ,'uigjp —a is 

determined from tlio condition of constant contact of the tracer '■ijlus witiv 
the template profile, and on (he ba«is of the no^e angle r of the loot. The 
nose radius oI the tool and the tip radius of the stylus are imde the s.-iine 
These circumstances, as well «*• the noce*.siiy for ronglung and fiiii<niiig 
workpieces of different hardness, are the rca-oiis whj the sl>ln. is usuallv 
of the intcrcliangeable type , 

The accuracy of the reproduced contour depends upm, the ncniracv of the 
template, the agreement between fbe radii of the tool im-p .w\ «.t>liis lip. llie 
roi.malch \nliip~. pla.lir "train ol llip machiiiD .mit< amt rorlnin nllnr (acli.r 
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Fig 130 Tw o-<lioicB*icnaI ifaccr-coatrelleJ tcm 


The principal elemcnlg of a luo dimensional tncmg <>stcm are two 
j V 1 Ji I < fourcdge tncer\al\cs ind a«n e-co^ine 
who«o profile provides for oil flow rale« 
lional fo llie «ine ind co inc of Ific angle 

of rotation of the distributor 

The control v af\e rod is linked (firougli a pnoC joint to «t}/us 3 Mour tef 
on taper sleeve 4 of this valve is distributing disk 1 which Is driven 1 j axial 
piston rotarj hydraulic motor 5 

\nj change in the eccentricity e in reference to the axis of rotation of 
sleeve 4 changes the flow of oil to the hydraulic cylinder" 

To maintain a constant resultant (tracing) velocity t; it is necessary lint 


velocities Vx and i,, along the co'Ordinalc axes are conlinuou Iv claigcd 
One should vary proportionally to the co«ine and tie other proj crlionilJy 
to the sine of the angle of distributor rotation Tliu< t, = t «in ci ar 1 1 ^ " 
— V cos a As a result i, will be proportional to the eccentricitv <■ and its 


direction will approximately coincide with that of tl e eccentricilj 

The contour of the workpiece obtained in machining as a rc ciit of geo 
metrically adding velocities t, and t, has practically a very «mall error 
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:’,u, 

Tho delivery of tlie pump is distributed among tliree directions in paral- 
lel; r;,, and (?,; (Fig. ^130). . .1 T 

'i’lie jeproduction error is dependent upon tho errors in tlic Jcinematic 
chains of llie machine tool, errors of the fixture and cutting tool, and errors 
ill the tracing system proper. 

d’ool errors depend, for instance, upon the lack of coincidence lietween 
the dimensions of the tool no.se and .stylus tip, and their po.sitions in ref- 
ej-ence to the workpiece and template. 

Kinematic errors are due mainly to hackla.sh and clastic strain in the 
kinematic chains. 

'J'l-acing errors depend upon dynamic factors such as the time required for 
the damping of transient procc.sses, certain additional deflections of the 
cutting lool due to chance factors, and the stationary error of tho system. 

Hotary hydraulic motors, model MFlh (.see ]'’ig. 93), can he used in tracer- 
controlled servo systems as drives to the machine tool carriages and saddles 
liy connecting the lead .screw to the motor .shaft. A construction of this type 
is especially eflicient in the tracer-controlled machining of large work. 

in modifying engine lathes so that they are capable of performing contour- 
turning ojierations to a template, the u.se of a rotary hydraulic motor will 
greatly simplify matters and exclude the need for making additional ports 
and units for tho lathes. 

Hotary hydraulic motors have much higher inertia than power pistons. 
It is not advisable, thorefoi'c, to u.se rotary motors in the tracing circuits 
of high-speed machines. 

The apjilieation of I'otary hydraulic motor, model MJT5, for turning 
the table of a heavy vertical boring mill to an angle, is .shown .schematically 
in Mg. 131. 

'J’his cii'cuit includes pump 7 of either the vane or gear type, depending 
upon the i-equired pre.ssure which is .set by adjusting the spring of relief 
valve 2, and .servo valve .7 who.se rod is linked rigidly to feedback nut 4. 
(Icarf;, keyed on tlie.shaftof therotaryhydraulicmotor,isin constantme.sh with 
Ihe toothed rim of nut 4 and simultancou.sly me.shes with gear 1 of the table. 

d’he command for angular motion (indexing) of the table is given by turn- 
ing handwheel ,7. This traverses nut 4 along the .screw of handwheel .7, .shift- 
ing the spool ol valve ‘4 and admitting oil to tho rotary hydraulic motor. 
I he motor rotates gear 7 together with the table, and simultaneouslv ro- 
lales feedback nut 4. 

This nut is now traversed in the opposite direction along the .screw; it 
shifis Ihe valve piston hack to the neutral position which is reached when 
Ihe table has been turned to tho pre.set angle. 

'I'he time reipiired for the hydraulic motor to roach full .speed is 





fiff 131 «if\o sjslpm controlling the angle of rolition of n rotin lijjriulic mftor 

^\hcre CO = «!tcnd> angular \clocil> of the rolar^ Ji>(lrnuljc motor 
Ji = referred moraent of inerltn 

Ml ss torque dc\ eloped on (lie «h'ifl of (lie Jijdraulic motor 
In the gj\cn arrangement the referred moment of jiiertn is 



uhcro Jq and (o^ = momeiil of mirlin of gear (>, and its angular Mlonl). 
rc-pectiNcl) 

J-} and Wj = moment of inirtia of gear T and the lahle, and iluir 
angular respefli\cl> 

Jtn = moment of inertn of the lijdratilic motor 
Tlie torque de\eloptd on tin motor “liifl i-* 

>\here A* is the disphremeni of llie rotirj lijdnulic motor p<r revolution 
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If a rotary type of servo valve, 
sucli as 3 and 4 in Fig. 132, is used 
in tlie arrangement of Fig. 131 in 
place of servo valve 5, a model 
MFIS rotary hydraulic motor can be 
employed as a hydraulic torque 
amplifier. This type of circuit has 
been widely applied in synchronizing 
devices with input and output shafts 
(a sort of hydraulic synchrotie) which 
provide, whenever necessary, an 
increase in torque on the output shaft . 
In Fig. 132, 1 and 2 are the pump 
and the relief valve, respectively. 

Spool 4 of the servo valve (Fig. 132) 
is connected with a transmitter of 
input signals of any type which is 
capable of rotating the spool at con- 
stant or variable speed. In most 
cases, it proves convenient to con- 
nect the spool to a low-power step 
motor. Body 3 of the valve is linked 


Fig. 132. Diagram of a hydraulic torque 
amplifier 


through a constant-velocity coupling 
(one with no backlash) to the end of 
shaft 5 of the hj’^draulic motor. In the 


model MFIS motor, provision has 
been made for such connections (see Fig. 93). The second end 6 of 
the shaft is linked to the load. 


The MFIS torque amplifier has been developed on the basis of the ^*IF15 
motor. 


The pump pressure is applied to ports and dn, while ports and 
of the valve body are connected to the tank. With the' model MF18 hydraulic 
amplifier, the valve is connected through the two pairs of ports h,-h„ and 

/is-/);. 

The input angle of rotation is determined by the angular setting of valve 
spool In turning, the spool admits oil, under pressure, into the hydraulic 
amplifier. At this, the amplifier shaft, and the feedback shaft o begin 
to rotate. At the same time that the load is turned, body 3 of the valve is 
turned with it in the same direction until the preset angle of rotation is 
readied. If the input shaft is coupled to a low-power step motor, the power 

rating of the motor can be found bj’^ first determining the load, eaual in 
this case to 




(204) 
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nhne M„ = torque rcqutroii to overcome Die inrrlm of "pool / ind the 
input sh'ift 

il/^ = torque required to o^c^cotnc the rnctno force due to the 
rciction of the ouinoumt; ’^Ircim of oil 
Mn — torque required to overcome friction lint is dependent upon 
the pressure in the sjstcm and the «izo of the hvdniilic nmpli- 
fier 

The torque 7l/„ is determined from the cqtniion 



vliore IS the moment of incrlii of spool ^ nnd the input •'Infl 

The moment of inertia of the input shaft depends upon the iizc of 
the hjdnulic amplifier Thus for model MHS 12 *= 0 2 kef cm see*, 

for model MflS 13 //« = 06 Agf-cm «ec*, and for model MPfS 15 /j, — 
a* 0 2'» kgf'Cm «oc’ 

The torque ilfj, required to overcome the reactive force is determined from 
the formula (according to data of EMMS) 

kgf-ora 

where ^ *» oil deliver) to the hjdraulic amplifier, litres per min 

A = experimental factor dopeiiding upon the «ire of the hjdraulic 
amplifier 

Model Mn8-!2 Mri8-f3 MFlS-tS 
A 0 03 OOi 0 0G5 

The torque il/JI required to overcome friction is listed In Tnhle 5 
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M'lic lonpjo Mop developed on tlio output shaft of the jiydraulic 
am pi i her is 

M o], 

\v])or(! Mid torque of tlic fond, for instance, from^'the cutting force 

Mj r- friction torque of the mechanism driven hy the ampHher 
Mj ■--- torque required to overcome the inertia of the driven meclia- 
nism. 

where ./ is tlio moment of inertia of the output sliaft of tlie hydraulic ampli- 
fier (for model lViri8-f2, ./ 0.12 kgf-crn-sec''^; for model Mri8-13, / = 

0.3H kgi'-cm-sec2, aud'for model MriB-15, ,/ == 0.20 kgf-cm-scc®) 

./„J moment of inertia of the driven rnecliani.sm 
0 ) angular velocity of the output .sliaft 

r- angular acceleration, seer'*', of the output shaft, 

(Il*‘ 

'I'he hydraulic torque amplifier permits up to 1,000 pul.ses per .sec or up 
to 1,200 pul.ses with an amplitude of 1.5'’ per pulse. Tliis is .substantially 
higher tlian the porrnissililo number of ]>ulscs for low-power electric motors. 
'I’he large available number of pul.ses enables the pitch to he reduced, thereby 
I'aising the accuracy of angular movements. Tlio advantfigeous features 
enable hydraulic amplifiers to he ii.sed in numerically controlled mncJiino 
tools in conjunction with low-power step motor.s. 

It is well known that automatic transfer rnacliines and the integrated auto- 
mation of inaTMifactnring proces.se.s are ])oing more and more extensively 
employed in largo-lot and ma.ss production. 

Bmall-lot production require, s machine tool automation of a typo permit- 
ling rajiid ciiango-overs from woi-kpicce to workpiece. In this re.spect, most 
proini.sing are the application of various tracer-controlled devices and systems, 
of numerical controls. 

As mentioned previously, hydraulic tracor-controliod slides are installed 
on various maciiine tools of the latlie group. 'J’lie.se attacliments turn the wojh 
eitlior to a template or to a model, 'J'ho latter is a master part turned without- 
(he use of a template. Tfydraulic tracer-controlled .slides liave also been u.sed 
(in niacliino looks of otlior groups, for example, planers, 

'!’rac(>i-(',ontrolle(l slides arc installed cither in front of the lathe (Fig.s. IBB- 
and l.'’/j) or at the rear (Kig, 1,35), at an angle from Mi' to (yii in roforouce 
lo tile lino of cerntres. 'I’hi.s arrangement of the .slide pormit.s .shoulders to he 
I limed at an angle of DO” to the work axis. 

If tlio tracing .slide i.s arranged at the rear, the versatility of the lathe i.s- 
ill no way impaired since the regular .square turret can ho used at the front- 



K-1 ONE- AEE TEOJXVENStOSAE C0NT„O,trD Tn.C, n M^TFV, 



Fij J33 Iljdraulir (rarer cvntn IK il «lilr for front in>tilbtlctn 

J— ftous ne f f irar nir del rr 4 tractr vatre r— front rn i ff t.o»rr CTHn-lrr 
®— rear end oi pov*cT oliiidrr j umpUte *— aaiuitlnc »erf» is— felirf Tilre 


f>f the wor^ Tins f'mbics a moJtl wprJkpjiVr lo he lurneci in the convrntJoml 
banner for «ub‘'cquenl u-e a'- a fenipHip 
The temphte i*! secured ciiber bolow or abotp (bo Special aJdi 
ttonal brackets will bo neided in Ibo «rcoiid this rmj rifiiun modi 
ficalions in (be con'^tmction of the lithe 
If the (racing Midc i® msttUed at the rear the cutttnc rone is acr<'*il Ic 
to obconation and the tompfile is out of the wnj ol tbo cbip« 




Fig. i34. Hydraulic tracer-controlled slide for front installation; 

7 — gear putnp; 2 — power plstonj 3 — -tracer valve; 4 — template; 5 — stylus; c — stylus spring 


S 10 . 11 



Fig, 135. Hydraulic tracer-controlled slide for rear installation; 


/--tank: a— filter; 3 and -/—double gear pump; electric motor: «— tracing slide carriage; r— power 
cylinder; tracer valve; o— template; /o— stylus; Jj— stylus bolder; lathe bed; 73— tallstock; 

73— carriage; 75— square turret 
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Tront installalioii of tlio ‘iljde (Fjgs 133 and 131 ) j'.coiixcnunl i>i tlnl Ilia 
template js mounted in front On the other Inml. the template cour-N tht 
cutting zone in this ease, and there is no stmdnnl slide «ith winch a model 
workpiece can he turned 

In the SoMOt Onion, hydraulic tracer controllid slides .are n%.ailihle 
as separate units (attachmdits) that can ho mounted on the lathe saddle 
Model rC-1 IS mounted at the front («ce Fig 30 ol Vol. 1), while 
models KCT-1, flKTd and Kflll are installed at the rear. 

If the tracing slide is mounted in front, the I.ithe spindle retails in the 
usual direction When the slide is installed at the rear the dirtction of spindle 
rotation depends upon how (ho cutting tool is set up and champed If the 
tool IS clamped “normallj” (with the face upward) rcierse spmdlc rotation 
IS required; if it is clamped up«ide*down (with the face downward) forward 
spindle rotation is required. 



CHAPTER i3 

APPARATUS FOR HYDIUULIC SYSTEMS 
OF MACHINE TOOLS 


13-1. Gonoral Data 

Ilydtaulic apparatus of various typos a?u] designs are used to control the 
parnmoters of tlio fluid flowing in tlio hydraulic system, i.c. the pressure 
and volume of tlio flow, and also for shutting off certain parts of the circuits 
from others. 

All apparatus used in the hydraulic systems of metal-cutting machine 
tools can ho classified according to its main function as pressure or volume 
control valves and directional control valves; according to its principle of 
operation as shutoff, reducing, relief, check and other valves; and according 
to its construction as plunger, spool, rotary and other typos of valves. 

A valve is an apparatus (hydraulic device) mounted in the path of fluid 
flow aud designed for clianging tho parameters of tlio flow. 

Each valvo has an operative member which is actuated eitlicr hy an exter- 
nal force (ndjustahlo valves) oi‘ hy the fluid pa.ssiug tlirough it (nonadjustahlo 
valves), 'i’his action changes tlio cross-.scctional area of the opening in tho 
valve, thorohy changing tho parameters of the fluid flow. 

Pressure losses in valves depend upon oil velocities uand and the resist- 
ance cooflicionts and of the inlet port of the valvo and the valvo open- 
ing, respectively. Hence, tho pre.ssure loss is equal to tlio sum 


whore |o is tlio total rosistanco coeffioicnl 


(205) 


'I'ho velocity v in tho inlet port of tho valvo is usually taken as 7 or 8 m 
per see; that in the valvo opening from l.'j to 25 m per .sec, and in relief 
valves— up to 30 m per sec. 

1 l>f' rosistanco coofficiont of tho inlet port of the valvo varies in the ranee 
^ -- 2. .5 to 7. 

According to Iho conlimiily equation 
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where v = ^olocUy in Ihc inlet port of the \iho 
F ^ cross ecclional nrei of this port 
^ = 0 9 to 1 = fictor taking into account the nonuriifornnlj of \cIocii} 
distribution o\er the area of the aal\o opening 

Then 

V = f’77 

nnd therefore 

(.’ 00 ) 

Vahes whose function requires lint lIio> oUer Ica«i re i‘>f met to oil fiow 
(for example chccl \al\es) should ln\D an opening with an area 
The corresponding aelocily ratio is ^ < 1 2 to 1 3 

Huid pressure is controUod by relief, safel> relief nnd reducing pre««ure 
control \al\cs 

jRclicf \ahes maintain a constant pressure at the \ai\D intake h> con 
tinuouslj discharging a certain amomil of oil back to the link Inklighl 
ness IS not required of such \al\cs thej ore u<ed in all t>|)e« of flow controls 
The purpose of a ®afcty relief %al\e is to prevent the pre«nro from hinhl 
ing up oboNC a giscn maximum \aluo ShcIm al\es mu^l be leaklighi 1 ecati c 
they open oiil) upon a pressure ri*e di«charging n portion of surplus oil 
Safety relief salves are u^cd in variable displacement speed control ciremix 
Reducing valves reduce the oil pressure and moininm the reduced prcsMirc 
at the valve outlet , . , , 

Due to the effects of friction and leakage a valve cannot react to nrl it 
rarily small changes in flow Tins means tlnl each v alv c has an iii*cn*ilivil> 

Tlio tollovMiig faclors hue n honrinc on Itio decree of i.i.en iln.lj 
(il a force actiiic on llie .ide «urtacc of the xnive spool anil due to llic 
asimmelric Hon of diiid lliroush Iho ridnl clearmce, 1 etneen Ihe .pool nnd 
the bore in the lalie bod> .o tint nonunitorm and one .ided pre. nr, occurs 
(ohsertnlions .hot, tint this force ineret os ttilh the fluid pre .nri) 

(b) friction betneen the mot mg mcmlicr of Ihe t the and i .giiiile -iirfice 

(c) lateral pre.sure due lo not enlirel) .tmmetrie di Itilution <f the 

'°?ho"a"t1a';or‘’;' 7epSe,i. on the nnthod o, eti.iig the .pri, g Ihe 
U .0 of spherical 1 earing memlers greatlj lediires lateral pr.. nr, 

The ia^teral force, due lo isjniinctnc rldiol cinrnce. c.o l‘ r'dnred l> 

pro ,d,„ra .erie. of annular grooa. l. i to 0 . mn. du p inil 1 h in n 

Jt Ide on Vhe c J lindrieal .iirtnco of the pin, ger . r p . I I h r, I .1 

otthcetorectoanotenKrcalerottentyn inglenil gr ,i, mil 
deep IS made 111 Ihe middle part in toad of I irii. Iiirrunr.i 
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When a safety relief valve is closed the force exerted by the spring should 
exceed the force of the oil pressure on the spool by a certain amount Pu to 
ensure that valve is leaktight. 

Relief valves can be adjusted for a pressure range not exceeding 4:1. 

Soviet machine tool designers select valves according to ENIMS stand- 
ards which list the maximum recommended oil flory, working pressure and 
port size which corresponds to the size of the hole in the mounting connec- 
tion of the valve. It should not be less than the internal diameter of the pipe 
to which the valve is connected. 

It should be noted that the internal diameter depends upon the pipe wall 
thickness, the outside diameter being determined by the diameter of the 
external thread according to the pertinent standards. Therefore, the port size 
and internal diameter may not coincide in value. 

In accordance with the method used to mount hydraulic apparatus in the 
piping of machine tool hydraulic systems, it is classified as flanged, exter- 
nal screwed or internal screwed. 


13-2. Pressure Controls 


Pressure controls are designed for limiting the pressure in any part of the 
system, for unloading a pump when the preset pressure is reached, for building 
up backpressure in tlie exhaust line of a reciprocating or rotary hydraulic 
motor, for bleeding off surplus flow from the pump to maintain a constant 
pre.ssure in the system, and for reducing the pressure. 

Safety relief valves that protect the system against excessive pressures 
are not frequently operated. By contrast, bypass, relief, sequence and back- 
pressure valves operate continuously and should therefore have working 
surfaces made of more wear-resistant materials. 

Though there are very many designs of pressure control valves, only two 
designs have been standardized in Soviet machine tool engineering; with 
the spool (Fig. 136) and the piston (Fig. 137) types of closing members. 

In the spool type of pressure control valve, the pressure is applied through 
passage 4. The fluid passes further through damping hole 3 and passage 2 
to chamber 1. 


If spool 5 IS in equilibrium, then force of spring 6 and the dead weight 
oi the spool counterbalance the force of pressure P and the friction force S. 
When equilibrium is upset, i.e. when P >> Psp +G -j-S, the spool is lifted 
and conned s passage 4 through passage 8 with the tank. Leakage drains 
back to the tank through passage 7. 


The overlap h (Fig. 136) in such valves is usually equal ioh?^ — , where d 
is the spool diameter, 




ig IID bpuoltjpo Nahc model Tii 



riio spool IS lifted .tflor tlic pre^'ture in the lifls Lcei> built up to 

c(hit h) p 6 


(207) 


ere c -a- ripidilj of the spring (lo.id corresponding to unit ilofltclion) 
/iq =s initifll compression of the spring 

F — area of the spool directl> contacting the nnul undir presvurr 
^ in our cn«cj 

riie change in the force exerted h) the spring on the spool is dependent upon 
change in spool travel as follows 

f the closing member is of the piston t>pe fl ig 137) the fluid flows through 
sages 10 and II to chambers / and 4. and sifniiltancouslj through damper 
0 the upper ehamher S in the >ahe \s long as force /', due to the fluid 
ssnre acting on hall vaKefi i* Inhnred h> the force of valve spring , . 
ton 3 IS 111 a state of cqinlihnum and 
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whore = force of the pressure on the upper area of piston 3 
= force exerted by spring 5 
G — dead weight of piston 3 

Pf, = force of the pressure on the area 1 of piston 3 
p„ =' force of the pressure on the area d of piston 3 
S = force of friction. . . 

Since P^ - P. + Pq, then P,p. = ± S — G. Thus, spring. 5 balances 
the difference between the friction force S and the weight of piston 3. 

If Pj > Psyn, valve 6 opens, the pressure in chamber S drops and the 
sum of forces (Po + Po) becomes more than force Ps. Under the action of this 
difference in forces, piston 3 is lifted and passage 11 is connected through 
passage 2 with the tank to which surplus flow is exhausted. 

Damping device .9 is actually built into piston 3, and its purpose is to 
provide a difference in pressures at the moment the piston is lifted and, at the 
same time, to damp its free vibrations (to eliminate chatter). 

Such valves arc statically balanced (they are called balanced-piston-type 
relief valves) so that even a small pressure drop immediately leads to the 
lifting of pistoh ^ to' connect the pressure line to the exhaust passage. These 
valves arc capable of maintaining stable pressure through their full range 
of adjustinent. 

Chamber S can be connected to a globe valve or any other control device; 
this enables the pressure in the hydraulic system to bo remotely controlled 
or, if necessary, the system may be unloaded after each cycle of the machine. 

Reducing valves are used in hydraulic machine tools (or in other machines) 
to reduce the pressure in the system, and also when it is necessary to divide 
the delivery of a pump into several parallel lines, requiring different pressure 
levels, for instance, for a lubricating system, for controlling directional 
control valves, clamping devices, etc. 

In cases in which the flow at reduced pressure is to be restricted in volume 
as well, the reducing valve is combined with a throttle device connected in 
series or in parallel with the chamber of reduced pressure. 

Reducing valves may have cither of two functions in a hydraulic system; 
they may maintain a fixed reduced pressure in a part of the circuit, regard- 
less of the pressure level in the rest of the circuit, as for example in a speed 
stabilizer, or flow-control valve with pressure compensator (Fig. 121), 
or they can maintain a fixed difference of pressure. In the latter case, the 
reduced pressure varies with the pressure in the rest of the system. 

The closing member of the reducing valve shown in Fig.' 138 is of the 
piston type, resembling the piston of the relief valve in Fig. 137. The damp- 
ing action is applied at the fluid input in relief valves; in reducing valves 
the reduced pressure p., undergoes damping. This is the output flow and, for 
this reason, two damping arrangements 9 and 10 are provided in the circuit 
of Fig. 138. 
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The required reduced pressure p, is 
cet by adjusting spring 7 (Fig 138) 
Oil It high pressure p, is deh\ered to 
port 1 and passing through the \al\o 
opening formed by piston 2 and the 
\ ah c bodj , has its pressure reduced to 
p. From passage ii fluid at a pressure 
of p. is discharged to tbcs>stcm and 
IS admitted to chamber 13 through 
passage 12 and to chamber 3 through 
damping do\ice 10 Oil aho passes 
through damping dcMce 5 into cham 
ber 8 

As long as ball a ah o 6 is held closed 
bj the action of spring 4 the forces of 
the pressure above and below piston 
2 arc balanced Upon an incrca<c in 
pressure p. the force Pi acting on 
the ball \aho incrca«os «o that 
Px>Ptp\ At this the ball aahe 



Fig 138 Dlsimm of reducing >ahe 
Toodet Foi 


linn in chamber 5 As a result pnton 
2 is lifted closing (or reducing) input 
port 1 and shutting off the high pres 
sure line from the low pressure one , , i, . .,»» nrnv!.?i. 

In c-vses nhen a poncr cjlindor or roHrj lijdnulic molor P™'''''' 
npid tnror^c morcmcnls spocnl lijdraulic npponlui I. u-od Tlii'« oppiri 
tus IS c.tlicr in tnicl co.itrolird is from n cim or clmnsrs in pr>-«nrt. 

■^^p.d »“c"rs"roVcc:e? I'J 

Do” no oit ol the bickprcssure chimbor or lij J“nTl. 

a cti'inTo "‘odc.‘ nrafprsf .s"o'cd” 

piston spool 4 IS held in the lifted poMlioti ij *^4 , .j,,, 1 ackprr< 
frrcl> onlorthocsl.ndrr ond 

sure drops to its minimum nme niio in i drnrr-es ■pool 4 

cred to the l.osd end of the po^rr cjlindcr '\l.o It e «. p 
portJ.scloscd At thi. n 

out of the cjlindcr must pa« " p., jn ii,e pre«Mire line part of 

baclprcssuro is built up llm „nd pflon ‘peed l< rrdiirol 

the fluid dninsbnek to tbe link throuslMnlto* nnu pi i 
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Fig. 139. Circuit with a two-position two-way directional valve, model r74-3 


If the cam is replaced by a template of the proper profile, the speed of the 
power piston can be changed several times during one stroke. 

The velocity increase factor for the power piston is 



^imax 



where q is the flow through the relief valve at maximum working speed. 

The full output of the pump Qp = Q q is utilized only for rapid traverse 
movements of the power piston; during the working stroke, a part of the 
fluid is drained hack to the tank through the relief valve. As a result, the 
fluid is more intensively heated and the efficiency of the machine tool is 
reduced. For these reasons, such a circuit is recommended only for A;o<1.3 
or 1.4. 

If the working cycle of the machine requires a velocity increase factor 
/co>'4, an additional pump for rapid traverse is provided besides utiliz- 
ing the oil exhausted from the cylinder. This combination of two methods 
reduces the required output of the additional pump at the same velocity 
Vo by from 60 to 67 per cent. 

The additional pump is cut out automatically at the beginning of working 
travel by using a control panel of the type shown in Fig. 140 (model FSS-l). 



13 2. PHrssunc cosTnow 


320 


Tins panel is a comljinalionofahitih- 
presstire relief \al\c 3, type r52 (<eo 
tig. 137), (liN idint' \ al\e J and clieck 
vnl\e 7, model r51. The liody of the 
panel has four connections: inlet 1-4 
is cotmeclcd to the uorkiiifj lra\cl 
pump— a Iiiph-prcssure pump with 
a deli\ery (>,, outlets 2 ami ff are 
connected to the tank, and inlet S 
is connected to the additional pump 
uilh a deli\ery Q,, 

Let us denote the pre«st»re de\el- 
oped by force P,p of the spriUR in 
di\idin{» \al\c 3 hy p,p. Then 

uhoro Di and = larger and small- 
er diameters, 
respect i\ely. of 
the piston in 
^nl^c S 

Let us denote the pressure dcxel* 
oped in the hydraulic system due 



lo the total force ^ 5 of all detrimental rc-^istanccs hy p,. Then 
4 V,y 


where d is the piston rod diameter 

Ilapid lra^c^so is possible iiiidcr the condition that 


Ptp p$ 


In this case, check \al>e 7 open'*, the output of the l\\o pumps i-< ronihintd 
at point 1 and deli\crod lo ilie cjlmder When the piston is suilched o\cr 
to \\orkinR travel, backpressure p. is developed The pressure in the r>lift<I(r 
increases (p, > p«p), ami the pi-toii of valve 5 is lifted line to the increased 
pro'suro actiiic on the area (P\ — D\) Tins connects the pump with 


exhaust to the tank through line b \fitr this, oiil> 
sure pump is delivered to the f>linder 

The velocity incrrn«c factor for this circuit is 

, f I 

'‘0“ ) 


II iroiii uic Ki;; 
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apparatus for hydraulic systems of liachihe tools 


For d=(0.5 to 0.7) D, i.e. to 4, 

A-,= (2 to 4) (l+5i) 

To ensure a dependable rapid traverse, it is advisable to take Psp^ 
^(1.15 to 1.2) Ps. Consequentl3% the required force of the spring in 
•dividing valve 5 should be 

p^p^iiAh to 1.2) ^ 


13-3. Directional and Volume Controls 

Hydraulic reversing devices for machine tools have important advantages 
•over mechanical or electrical reversing systems, in that they are superior 
as to speed of response and permissible frequency of reversals. For these rea- 
sons, in hydraulic machine tools, such reversing devices have almost com- 
pletely replaced all other types. 

Spool-type directional control valves are extremely simple in construc- 
tion. They usually consist of a cast-iron housing with the required ports, 
port slots and passages for fluid flow, and a hardened and ground, and some- 
times lapped, spool, with two or three lands for diverting the fluid, thereby 
connecting the source of supply with the corresponding lines. 

In accordance with the number of exhaust ports (there is always one input 
port), directional valves may be Uvo-way, three-way, four- way, five-way 
and multiple-path types. 

A two-way valve (Fig. 139) is employed in the simplest cases for either 
blocking or admitting flow from one port to another. 

Three-way directional valves (Fig. 141) are employed for alternating the 
direction of flow to two or several energy consumers. Thus, in rapid forward 
traverse of the piston, along arrow Vq, the three-way valves 3 and 4 (model 
r73-2) are s;vilched off (the solenoids are de-energized). Oil can be freely 
discharged from the cylinder. When flow-control valves 1 and 2 are cut 
in simultaneously or separately, the speed of the piston is reduced to 
Vn and L-j, respectively. 

On the return stroke of the piston (after reversal), the oil passes through 
the exhaust ports of the directional control valves to the right (rod) end of 
the cylinder. 

Four- and five-way valves always have two ports that can be connected 
alternately either to the pressure or to the exhaust line. Central port 1 
■(Figs. 142 and 143) is connected to the pressure line from the purr’’" ->orts 2 
and 3 are connected to the input and exhaust of the hydraulic ’ 
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Fie 141 Circuit with tHf>-no«ition three waj Jirrctioml \aUc' model 2I*n3 2 

Ports 4 mid 5 ore connected to the (nnk In a loiir-waj \aUr, porli 4 
and S arc connected (ogotlier and to a common ctlnu't line The t«o ports 
are separated in a fi%e*\say \aUe 

If. in entering the \al\e through port I (Fig 142), the oil Hnw doe« not 
meet n land of the \ahe spool, then the dirtclion of spool movement (for 
instance, to the left) coincides ttilh flow from the pump On llie other hand, 
if the spool land meets ml flou (Fig 143), then flow and spool mo^eme^t 
do not coincide fn fins ca-c, the \ai\e will he '•omewlmt le«s sjmple and 
require more space 

^'nKe spools are made of Io\\-rarI»on steel which i« properlj rarhiinml 
mid hardened Lapping i« mrelj reported to, the spools are ii‘'inll) ground 
to a tolerance in tlio r.snge from 0 OOi to 0 013 mm Hie dmmeter of the 





4 - Z I 3 S 




Z / 3 S 


Fig 142 four (fnc iwaj Iho (Uir«p> 
re*ition tlirtriiinnl mI^p in whirli 
difictions of fluid Tow «nd ^al^e 
ino'tmrnl coincidp 


tig 111 t«ur {flip > waj two- fliriT) | »i 
lion diriftiwnil >iI'p in which diri-clieti^ if 
Puid flow amJ «pnol moMnent do not cc incid.* 
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For <^=(0.5 to 0.7) D, i.e. to 4, 

/co = (2 to 4) (l +-^) 

To ensure a dependable rapid traverse, it is advisable to take /?sp^ 
^(1.15 to 1.2) ps. Consequently, the required force of the spring in 
dividing valve 5 should be 

7>fip^(1.15 to 1.2) ^ 


13-3. Directional and Volume Controls 

Hydraulic reversing devices for machine tools have important advantages 
over mechanical or electrical reversing systems, in that they are superior 
us to speed of response and permissible frequency of reversals. For these rea- 
sons, in hydraulic machine tools, such reversing devices have almost com- 
pletely replaced all other types. 

Spool-type directional control valves are extremely simple in construc- 
tion. They usually consist of a cast-iron housing with the required ports, 
port slots and passages for fluid flow, and a hardened and ground, and some- 
times lapped, spool, with two or three lands for diverting the fluid, thereby 
connecting the source of supply with the corresponding lines. 

In accordance with the number of exhaust ports (there is always one input 
port), directional valves may be two-way, three-way, four-way, five-way 
and multiple-path types. 

A two-way valve (Fig. 139) is employed in the simplest cases for either 
blocking or admitting flow from one port to another. 

Three-way directional valves (Fig. 141) are employed for alternating the 
direction of flow to two or several energy consumers. Thus, in rapid forward 
traverse of the piston, along arrow Vq, the three-way valves 3 and 4 (model 
r73-2) are switched off (the solenoids are de-energized). Oil can be freely 
dlischarged from the cylinder. When flow-control valves 1 and 2 are cut 
in simultaneously or separately, the speed of the piston is reduced to 
Uo and i?!, respectively. 

On the return stroke of the piston (after reversal), the oil passes through 
the exhaust ports of the directional control valves to the right (rod) end of 
the cylinder. 

Four- and five-way valves always have two ports that can be connected 
aUernalely either to the pressure or to the exhaust line. Central port 1 
{Figs. 142 and 143) is connected to the pressure line from the pump; ports 2 
and 3 are connected to the input and exhaust of the hydraulic motor. 




Fig 141 Circuit \Mlli two position t!ir<'cwi> dinclioml \ahc« mwjil 2l>V^^2 


Ports 4 and 5 arc connected to the link In a four \\a> \nlvc, port« 4 
and 5 are connected togctlier and to a common ox)nn«t line The l\so port^ 
arc «ep'\raled in a fiNOwaj mUo 

If, in entering the xahe through port 7 (Pig 142) the oil flow does not 
meet a land of the xnhe «pool. then (he direction of ‘■pool movimont (for 
instance, to the left) coincide® with (low from the pump On the other hind, 
if the spool land meet® oil flow (fig 143) then flow and ®pooI mo\rmcnl 
do not coincide In tin® ca^e, the xaho will Lc ‘omcwhni Ic*® ®implc and 
require more ®pact 

Val\e spools arc made of low nrhon ®ieel which i® propcrlj carhurizcd 
and liardcncd Lapping i® nrcl> reported to, the spools are u^tnllj ground 
to a tolerance in the range from OOOi to 0 013 nim The diameter of the 



Fir 142 Four (fnc )wi> two (tlrre ) 
|o«ilion (lirictiinal %il'i m which 
diriction® of fliiiit flow and mUc a} ool 
nioMmint coincide 


Fir 1ST tour (fixp ) wn> two (time) | o«i 
lion diriction-il \ahe in which dinctions of 
fluid flow and «pool moMininl do not comcidc 




. Examples of valves wilh’ordiuary connections for piping (a) and gasket-mounled valves (h and c] 
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internnl nnd ports in tiie lioiising ^honlil hr d ~ (0.7.1 (o 0 S.1) ,l 

where dpp is the size of the pipiiitt. 

ltecenl]y f'a^kcl-moanlcd s.if^cs (with pipefc's connection") fin\p p.ifntd 
in popularity (fiR. l-ilh), as a modific.'ilion of the ha^ic model (Kig IWa) 
for ordinary connection to piping or luhes. In the Kacket-motintod (Io«);'n, 
nl] the port connections are hroniflil out to an accurately machined <nr/.ice, 
coiinterhored for 0-rinc gaskets which mates with stihplaie /. Ihpe connec- 
tions 2 at the rear of the subplate coincide with llie Nal>e ports ami connect 
the valve to the rest of ilie liydnaiihc s>6tem. 

The arrangement and typo of directional control ^ahe^ arc fc/ected to*u(t 
the operating cycle of the machine tool, the .accepted sequence of machining 
operations nnd the method to he u'od for controUing the cjcic (for instance, 
manual, electrical or hydr.iullc control*). From this aspect, all diriclional 
control valves arc classified as two-, tliret*- and multiple-position waives 
with pilot (hydraulic or solenoid), m.'uiital or solenoid control, 

Tno-positjon lahes are commonly employed in machimng work in «e\i ral 
passes, for example, in grinding machines The spool in «uc)i \ahes ha< 
only iw'o positions, it may he shifted either to the extreme right or extrenic 
left (Fiff. IdS) 

Thrce-position xalxes find application in machining work in a «lng!i' 
pass (drilling, milling, etc ). ns well as in xarious clamping and handling 
doxices And. in general, when a short interval is required, for example, to 
remove the finisficd work and to load and clamp the next blanks, for re- 
placing tools, etc. (Fig. KiC). 

Multiple-position valves (Fig. Id?) arc frequently ii'-ed in ;n«ichino tools 
in nhich the command •,ienal‘! change antomaticaHy. Examples arc mnlti- 
ple-spindle uiiil-huilt machines that operate in a "ingle pa"". Common com- 
mand signals in such cases are' HAFII) AFFHOACII, one or two IVOUKlNtl 
rCEDS, riAPID WITIIDHAWAL nnd STOP. 

Two-, three- and multiple-position \nlvO" may he hydraulic julot-ojirratod 
(Fig l-iS), solenoid-operated (Fig l^l>) or hand-operated Ope^Hig. 

In a Pilot-operated l\\o-po"iUon vahe model r72 («oe Fig. ‘'Pool J 

is shifted hy pressure from the mam line winch, however, "hoiild not exceed 
100 kg per sq cm \l higher pressures, a reducing valve is in"lalled into 
the control line Sometimes, a *m.»ll displacement low -pressure pump is 
provided for this purpose 

flafl-lypc cheek valves 2 and t! are mounted m the end cover- of the 
housing with pin chokes 3 and 10 These arrangements adju*l the "pjrd 
of valve spool / independent!) in e.ich direction, v.irjing the valve shifting 
time m a range from 0 .3 to 3 "ce Such adjustment permits pilot-coniroifi d 
reversal to he applied at any speeds «f the hjdraulir motor. 

Applying pilot control to directional control vahcs rn.ihle- two speto« 
of .spool travel to he obtained (model ir72. Fig M * 0 ) 
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iMi', Cojjtrol circuit with d tv/o-jiuhitiov Sour-v.’ir/ liirociiuuu} -.'uivt;, juo'Jc) J'72~1 

or rAT.'j 


In iho iniiiul /nomojit, fJjc npool raphily lujif'M oil is foror^tj out Ihrou'/J) 
auxiliary ciiannoj 7 jn Ihu va)vc liou^iD'.r. Whoii Uir-: ciiurnifil hon bouo bJockud 
o)T l<y Uiu ,*-;pooJ, thu wpeud of Ifju Kpool is roduoud. 

Hx pun moots havu sfiov/o tljat this chaogo in iho spuud of vaJvo motioo 
c;hj Kuhslaolially ruducu ovurtravu} oJ tl/u v.'o;'J<pioou at tJjo momoot tijo 
Jjyd/aulic jootor (rucipiocatio'.; or rotary) i:-; ruvorsud, 

'iJiu comojand xitpjul for rovurraJ is ioitiatud hy roi:iry pilot vaJvo 
(modul J'7f-21), vdiich is autuatud i>y earns 6' arid 0 of iho tajjko 
'J’liu ruvursiu'/ )inu siiould always Ixj jndopundorjt of tho motor spuud con- 
trol lino, 'l liis can ho achieved hy connectins; the valves in parallel^ r/.decting 
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llie branching point A before the flow con 
trof \al\c T and thus obnming two en 
lircJj independent oil flows 
To obtain intermittent (incrementj feeds 
(as for ln«l^nce of the wheel in surface 
grinding wAiing cutter in die •^inkint: etc) 
portioning Mhc d is pro\idcd m the 
circuit This ^^he periodically admits oil 
to the feed cylinder The piston of this 
cylinder ln\els it t speed lint depends 
upon the oil flow through flow control 
mIsc S 

Two self centring pistons J (Fig t49) 
arc provided in three position dircctioml 
control ^ahes These pistons ha le the form 
of sleeves sliding in the bore of the \ahc 
housing nrid the \al\e spool cm slide in the 
sleeves The spool is located in Us third or 
mid position when oil under pressure js 
admitted to the left and right end ^andd 
of the valve sjciuIlAneou I) 

If pee sure is app/icd onfj in one end for 
example in 2 and end ^ is connected to the 
ianli then the «elf<entnng piston J and 
spool 3 begin to «h:fl «imullineou ly to the 
right until the flange of the piston reaches 
the countofborc m the housing The spool 
travels further alone 
ffand operated direclionaf aaf\e modcf 
fiifseef-ig haie 1 positive JcMralJon 

feature /or ffie «poo/ hy means of a •‘pnug 
loaded ball detent / They register two 
posjtjon vahes jn the two evireme po ilions 
and three position aaJves in the required 
three po Uion« In one molifintion oI this 
NaUe Centring springs return the spooj to 
the central position from either of the 
extreme (hard over) po jtions is «oon as the control Joir 
In such cases t detent is comlined with a <olf-ceniring piston 
flegardicss of the mole of operation each t>pe ol three po ition vilw 
Ins se^er^l modifications based upon the width b of the hnd on the 
"idth i, of the port opciing in the liou«ing aid the nlio of lie histt* It 
and f?, (Fig KiC) These modifications are 



Fi 5 liC I) j'Tants ot P rr 
Hot four J o-rl mat ' 
rood Is in :n ara 
»T.-i fp-^ 


r 1 


rclca 1 



^3-4. Reversal of Rpn: 
hydraulic MoLs^ and Rotary 

•nnoSOrn por rn ^ 00 ^ per mf « recipZ^.?^ ^P^^raliyo v 

effects fh,n ocl 'i/ cr f ^onjun^^^ grinders 

•‘’■'ffnedreversinl r;; the /evezvw ^^^^ce.s, icMp . " tOe rnot 
’•n/ts r/or fr.cf ^ '^^^f^ayJear? i ^ Period. Thn of ihJ 

nr S d »" ''".prorti;' 

p^ps . 
”lecJ thi'oug 


13 * nf\rns\Lor men iiocAiiNt* 
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Fiff 150 Arranpetnent for ri.\(r«ini; tlic- fltiul pn"i»rr in asinl p‘tcn 

ils nculrnl po^iljon lo the opf»o«j|< ‘•nl* A« n rr«iill, tliP -“iirtion niitl 
di«clinrgc «?idps of tlio puni[i arc iiilorclimccd 
Stops 2 and 3 aro adjii'^tcd to ^a^J the pump output. i r tJic vjiced td tlic 
operate c 11 tut, for instance tiic lalilr of n planer J Jus t\ pc of arraiipi nii ut is 
‘suitable for machine tools «iih lone ‘Strokes and larpc rntr'ine nia‘-‘'r's 
The kinetic ciiorei ma««c*i Ik me rc\cr'cd ran hi utilized in tin pump 

'\hicli operates as a rotarj Ii\(lranlic motor diinnc tabli n\«r‘-als ’Huh 
feature reduces the hentiiie of the oil and lo'^C'- of inerej 

ne\cr«nie 'aUes are U'^cd |io\\c\er on low pow< r marliiiK looN with 
roInti\el\ chort «lroke« «iiicc a larcc luimher of table n\ir«nl- jur minute 
IS detrimental to the opention of tin pump which will vfKui pi t out of ordi r. 

In the So\iet Lnion the «l uidird Indraulic control piiul model 131 
(lie 151), IS oMeri'^iselj iind in enndine marluncs aiid roiixfjine diMri- 
It is hn«ed on \al\e control- and -imiillantoii- Iirakine The flow rapafit> 
of these panels ranees from IS ti» Kd* litre- per min and deiHinl- upon tlie 
t>pe and Xpe workine pro— ure raitei- from '> to J"i kpf pir -q cm, pre* 
'urc loss in passjiijr throuph the riniiiicis of the puul do(- not ixrctd 5 kef 
persqcrn The pressure drop in \al\c control doe- not e\f(id 2 5 kef per 
sq cm 


Device for bleeding oir 
from the cylinder 


To mechanisms 
operating at moment 
of reversal 
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Mounted in the r-incl housing iro mUo 13 (or dircctiouil control md 
for bnkinff the table direction’ll control \iUa 1 flow control \iUp 9 /or 
«clting t-ible speeds and rotarj \aheyl for START STOP ni d UMO\l) 
The sidoco\crs contain ball tipo check aaKesJU choke checks 2 J for ndjii t 
uig the braking time and choke chocks if? for adjii'ting accclcnlion \t|>i 
spool 13 IS shifted by moans of slnft 12 winch 15 actuated m luni t! ri n Ii 
lc\erii *’ 

Oil from pump P passes through the rolar> 4al\e in theSr\R7 po ition 
and IS admitted to port 3 through which it pasecs to tlie right ci d of jower 
Cihnder 4 Oil forced out of the left end of the cj linder pa«*c** throni.li pc rt 
slots 5 G and 7 and then through port £ and flow control \al\c P to the tni k 
The power piston travels to the left Cam 10 of tlie tallc 'icltnles Iomt // 
of the table rcacrsing shaft shifting \al\e spool 13 to the right At tl :« 
oil from port 14 passes througli port 15 and check %al\e 16 to the left tid 
of a alac spool 1 which is shifted to the right During tl e first j art of it« pith 
spool 1 traaels faster smcc oil can escape through choke clerk 22 (on the 
riglit Side) After the spool lias closed port slot ]7 its speed js riiiurcl siicc 
the oil must then pass con«ccuti\cIj through two choke cliccks IV and 22 
At the same time the left end of the power c>linder i« connect! d to the j re* 
sure line through port 5 while oil forced out of the right end pi««rs through 
ports 3 18 20 21 and 8 to flow control \nhe 9 and further to the tank 

The reacfsal of the hjdraulic motor 1 e the slnfl of a rolar) h>drauRc 
motor or the power piston mu«t «alief> certain definite rorjuirrmciits wl ich 
can bo reduced to the following 

(a) the 4alio spool shifting time should not Ic dependent on the \elocily 
of the ina«s being ro4or«od or its kinetic cnergj 

(b) there should he no ]orks shocks or ailntion in tie rCMrsal period 

(c) at constant steadj stale aeIocit> of (he h>dranlic motor ilsaccelera 
tion and hraking paths should ho maintained constant in the cour-e of tunc 

(d) proMsions should he made for regulating the rcvir<al time In n rat gc 
of at least 10 1 

Inertia forces dcNcIopcil at tie moment of rcacrsal ma\ cause consider 
able h>draulic shocks at high operating speed if the directional control 
sal\cs Imc not been properlj do igned Ihc magnitude of o\crtra\eI of (he 
h>draulic motor at rcicr«al depends upon its apecd the mass of lie parts 
being re\er«ed and the friction forces m the wa>s packings etc The mo«t 
enectue means of reduemi, oNcrtraxcI is contouring the anf\c spoof to grad 
uallj increase the hjdraiilic re islancc of the rover mg a alie It is necessary 
to note however that eace ivc reduction of hjdraulic motor «pecil l)efore 
the rover al Uads to a lUcrcase in the output of the macliino tool 

During the reversal period the output port frtm the hydraulic motor is 
graduall> closed h> the directional control valve spool ff the amount of 
fluid flovving to this \alvc port i« equal to the amount pis«ing through this 
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0^=72 Litres /min 
p=if/37}<gf/cm^ ■ 
'^=-o. 7 cmykgf 
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Fig. 152. Backpressure vnviation during the reversal of a machine tool table 


port, the hydraulic motor will be braked only by the friction forces in the 
motor itself and bj>’ the resistance of the valve. 

' A rise in backpressure and its increase with time are dependent on the 
elastic constant of the fluid and, in some cases, on the elasticity of the pipine. 

tbri, 1 flow to a port of the valve, and Q3 is the rate of flow 

tliiougli the valve port, then 

where t> = <>|+i>2 = sum of the elastic constants of the fluid and pipino- 

(see p. 226). p p o 

If the piping is blocked off, (?3 = 0, therefore 


from which 




(208) 


«p"fram'5% Shlgfper s°q cm"’ “ taiwThe^pressure 
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3,J 

etc ) and tlio \olumolnc lo««cs in ihe hjdratilic s>«icm Tims in the «nmp 
tests, the elastic constant of the oil was j — 4 7 cm^ per hef and tint of 
the pipinff was i?j = 05 cm* per kgf A direct monsiircmmt of the eli«|ic 
constant of the s>slem ffi\p t> « B 7 cm* per hirf Hence, the diHcrence 
between the mcisured and calculated \alucs was s- 1 5 cm* per btrf, or 
about 22 per cent 

The compressibility factor ol the oil increases somewhat jn tJie courv? of 
operation due toils increase in temperature For example, if i)ip oil temper- 
ature increases from 30'’ to GO^C, its compressilulilj factor Increi'cs Irom 
^ = 0 75 to 0 85 X 10 * cm* per h^rf. 

The operation of a hydraulic drive of the positive disphcemenl t>pe }s 
based on static principles, i e on the variation of pressure but not on the 
variation of the amount ol fluid, as in a hydrodjnamic drive Nevertheless, 
certain dynamic factors must also he tahen into account at lii^h speeds of 
hjdraulic motors 

The piping ol liydravilic s> stems in machine tools Ins, in genenl, oiil> 
a small capacity and is of short lenglli, in an> case, less than 1 000 m 1 here 
arc no reasons that could lead to variations in the rate of fluid flow in tiie 
piping This enables the elastic ctlccl of the hjdraiiljc JohedJ«rp 

gardod, a5 a first approximation 

Making use of equations (140) and (141), and taking llie coelflcienl ol re* 
sislanco of the valve opening area as J -» 2 to 2 5, we can write the conliniiil) 
equation for the given case Then the broking force is 

where is the current instantaneous area ol the directional vaUe opening 
or, as m model TSl grinder control panels (sec Fig 151), of bnking valve yj 

We can further assume that the vclocitj e x ol the power pi'ton during the 
braking period adheres to the following bw 

= (l ~ Jt) 

where I{ is the travel ol the pi«ton during the bnking period, and lint 
deceleration of the piston n constant, so that 
these values wc have 



from which the current am ol the valve opening is 
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If th.e friction losses in the hydraulic motor are not too high, it can be 
assumed that 

2H^S<t Movl 

and then the approximate solution is 

U=Fyr-j^iH-x){i+i) ( 210 ) 

One of the devices that converts mechanical control signals into electric 
voltage is the potentiometer, which is applied, for example, in the circuit 
in Fig. 130 for remote control of the output of a radial-piston pump. 

The input member (control) is linked to the movable contact of the refer- 
ence potentiometer Poti (Fig. 153a). The contact of the pick-up potentio- 
meter Po^a is linked through a drive with the shaft of the controlling electric 
motor 2 and through screw d to the mechanism for varying pump displace- 
ment. 

Potentiometers Poij and Pot^ are connected to the same supply circuit. 

At the same angular positions of the movable contacts, the voltage between 
them equals zero. When the input member is turned in either direction, 
the resulting voltage is proportional to the angle of mismatch of the movable 
contacts of the potentiometers. Through sensitive relay P, this voltage is 
applied to contactors and So, so that electric motor 2 begins to follow up 
the reference motion, rotating the contact of potentiometer Pot^ at the 
same time. 

The polarity of the voltage is determined by the direction in which the 
input member is rotated. 

Potentiometers Poij and Poto should have linear characteristics, thereby 
ensuring strict proportionality between the angle of turn and the voltage. 
The characteristic should also be steep, i. e. with a large signal voltage per 
unit of mismatch. 

If the system is supplied from a-c mains, potential regulators are used 
in place of potentiometers Pot^ and Pot^. 

In two-stage controls, the signal for displacing the power piston (Fig. 1536) 
is fed in by reference potentiometer 8 and is transmitted by amplifier 9 
to electromagnetic transducer 10 which shifts core 11 and servo valve 14 
of the first stage of control. 

Directional valve 15 serves as the second stage of controls. At point a, 
the pressure of pump 17 is divided into a high-pressure branch for displacing 
the power piston of the machine, and a branch providing pilot pressure for 
controlling valve 15. The pressure is lower in the second branch, since the 
oil passes through reducing valve 16. 

If servo valve spool 14 shifts to the right, the right end of valve spool 15 
is connected to the tank through the lower longitudinal channel in the housing. 






3/j6 apparatus for hydraulic systems op machine tools 

The left end of spool 15 is subject to the reduced pressure as before and 
the spool shifts to the right to admit high-pressure oil to the right end of the 
power cylinder. At this the piston travels to the left. Feedback from poten- 
tiometer 7 ensures the given displacement of the power piston. 


13-5. Hydraulic Gear-Shifting Facilities 

Gears in gearboxes are shifted by hydraulic means to speed up the shift- 
ing process, for remote controls, and when a large force must be exerted 
for shifting. Hydraulic devices of this type may be a control plunger that 
is returned by a spring (Fig. 154^). In this case, the extreme positions of the 
plunger are fixed by stops and the sliding cluster gear is held in the left 
position (in the diagram) by fluid pressure. The last feature is the reason 
Avhy this construction is almost always used when the gears are to be engaged 
only for a short time. 

In the two-position gear-shifting device (Fig. 1546), the plungers are 
sliifted in either direction by oil pressure, up against the housing cover, 
and hold the cluster gears engaged in these positions. 



13-6, MASTrn CONTnOL SUlTCHrS AND AfTO'tATIC ormAToi S 

PJungrr £ in ihc llirec-lio.ilion .liiflinR t!nu<-n (Fic. l.-ii-l i. 
tiirouch a lork ^\llh a cluster j’car. Thj^ plunder cati sliiJe jn one ‘Irc\e / 
and mo\o the other slco\c. The central portion of the plimcrer and e liiMer pt.ir 
is obtained by admittinjr oil under procure to both the rii:hl and hit ectd^ 
of the plunger ‘^imultnricouslj’. If pressure is applied only in one rh.nrnlxr 
and the other is connected to the tank, at fir«t holh the Weeu* and fdnff-rr 
uill he shifted foruard until the flange of the sleeve run" up ngain^t the 
coiintcrhorc; the plunger will travel further alone. The sleeve drnnicler is 

£) = 30 or 32 mm, the plunger diainoler is =r- 25 mm. The ratio-. ^ af,,! 

are almost alnaj’s 2 to 2.5, where Of and a are the length" of the «hcvp 

and plunger, respectively. A pressure of 4 to 0 kpf per «q cm is required 
to shift cluster gears. 

A special rotary valve is used to control oil flow to the plunger olinder'-. 
When the spools of this valve are turned to the corresponding anglt", one 
end of the cylinder is alwnjs connected to the pre««ure line and Ihc other 
to the tank. 


13'6. Master Control Switches 
and Automatic Operators 

Tho following types of remote controls are extensively employed for 
controlling semiautomatic and automatic operating cjcle- of hydraulic 
machine tools 

1. Centralized remote controls, in whirh the conimnnd «ignn/< are Irafi*. 

milled to the hydraulic motor as a function of time, *0 tliat e.ich »uh'e- 
quent manufacturing operation licgins independently of whether the pre- 
ceding operation has been fini'hed . 

2. In-lra\cl remote controls, in which each con^ecutne commamJ wgnal 
is transmuted only after the preceding operation has been c o/npJetrd. 

Circuits null ma-lcr conlrol s.iichc u-ually cmploj 
raises of tho .olcnoid oporolcil lypo (lor in-lMicr. rioilr I i.-l-l) lins.i,,; 
a solenoid of llie required pulling cnpacH), a -pool Irosel at l.i inm ard 

“ -"ed. ."--.erronua. siM.,,,.^a.de^,n,. 

for sequence-pulse operation Solrnoid operand v « ' ' . • - * 

(Fig. 155) are controlled l» limit 

of machining operations IS begun h> prCY-mC th i^,n,r,„^oprntkfi acorn. 

Iiy hand or au.La.ically \t Uie end of each ^r n,^ 

mand is transmitted to energize f/_d of evhr -hr r. 

spool of valve /'. applying the pump prc«ure to the left end . 




Diagram of an olccU'ically oporalod maslpr control swilcU 




13 « lUSTEn co^TnoI s«.TCi.rs and aitomatic o.rn»To„. 



Phmcor 4' is «hiftcd lo the nphl and its nek turn® nlclict wheel «!nll G 
and eliding contact 9 through .an .ancle corro'.pondinc to the next comm.and 
«iRml At the end of the «troke of pluncer 4 . dog 3 oclintee return-etroke 
\al\e ^ Oil under pres«ure le now admitted to the right end of a ah e epool 7'. 
returmiiR il and plunger 4 to their initual po'ilione This clo«ee the contact 
of switch LS and the master control switch is read) to recei\c tlie next com- 
mand signal During tn%el of plunger 4 to the left, shaft G of ratchet wheel 7 
IS stntionarj and pawl S -lip'. o\er lo the next tooth of the ratchet whed 
One modification of master control switches is the automatic operator 
(see. for example. Fig 130) which Ins found wide application in the auto- 
mation of xarion-. loading and handling oper-ationN iiu ngine lathe-, turret 
lathes scminutomatics, ns well as m automatic transfir macliini' 

In most cases the axailahilil> of nn automatic oprr itor enahlev \ rn iclnne 
tool to he built into an automatic transfer mnchiiu t»r proiliiriion )iri( The 
automatic operator should he located outsidt of ihi working roni c»f the 
machine tool This permits the work lo be m.ichiii<d lining loth I ngitudinal 
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and cross slides, and the machine tool to be quickly changed over for ma- 
chining worlc of other shape and size. 

Figure 156 shows a combined diagram of automatic operator A and master 
control switch as used for sequence control of manufacturing operations. 
The number of hydraulic motors 7 (power cylinders, in this case), cams 5 
and directional control valves G should he equal to the number of manufac- 
turing operations handled by the automatic operator. 

Four-way directional control valve 2 (model. r74-2) is used to control 
hydraulic motors 7. This valve receives its command signals (is actuated 
in this case) from cam shaft 5 of the machine tool, or from any other control 
unit. The pressure Pp developed by the pump is applied in parallel to pusher- 
piston 1 and to directional control valve 6 of the master control switch. In 
its upward travel, piston 1 turns cam shaft 4 of the master control switcli 
through a definite angle. Cams 5, mounted at definite angles in respect to 
each other, depending upon the cycle of operations, operate valves 6 in the 
given sequence, thus admitting oil under pressure to the corresponding 
ends of the hydraulic motors. The motors actuate the required movements 
in the machine tool. 

Investigations and experiments on automatic operators have shown that 
tlie level of pump pressure substantially affects the stability with which 
the hydraulic motors are operated. In this connection, it is advisable to 
maintain a pressure of pp ~ 25 to 30 kgf per sq cm. A decrease in pressure 
to 18 or 20 kgf per sq cm leads to a stability almost one half that at 30 kgf 
per sq cm. A rigidity of k = 4 or 5 kg per mm is sufficient for the spring 
of pusher-piston 1 (Fig. 156); its initial compression should be 3.5 to 4 kg. 

The speeds of the hydraulic motors (pistons in power cylinders) in an auto- 
matic operator do not usually e.xceed 120 mm per min. 



CIIAPTEll 1/, 
HvnaAULic ciacuiT desiox 


14-1. ContcnHonai DesIgnslJon of Pumps, 
Hydraulic Molars and Other Apparatus In Circuit Diagrams 


In drawing hydraulic circuit diagrams for machinp tools (and all othrr 
machinery), conventional designations are u«od to represent pumps, reripro- 
cating and rotary hydraulic motors, and all other hydraulic appaMlii- re- 
({uired lo pro\ idc tiic operating cyclosof the muchiiio too). 7 hc '0 dedg/iation* 
may he of two types. 

1 . Conventional repre«cnlatiou in the form of hydraulic diagrams of 
each unit of apparatus, lu which the principles are siiown In ‘‘Ome ditail. 
can ho \iscd for circuit do'jcn and calculations since the method ol ofieralion 
is quite clear. This typo of diagram Is recommended hy 1 *NIMS anil 1 ^ widely 
used in Soviet machuio tool de-ign. One drawhack, howcNer, Is that miicli 
time is required to draw out tho'-o diagram^. One simple >011111011 l« lo draw 
them out on a “cparaie <heel of paper and to make n large numher of enphs 
hy hluO'printing or other method. Tlioii, in de-igning a circuit, .«.>nilioN 
of the required nppar.Un*. can he cut out forpmm'ng or pa'^ting on tiie diagram, 
drawing hues ropre'eniing piping to connect the npp.iMlii' in paraliel or 
in series. 


2 . Craphtcal symhols, sfnmirig on/y the functious of e.ich app.ir.iln*. hul 
not Us principle of npcr.ition. .'ire nJ«o ii'ed for cirrinl dlagr.un'.. ’Ihi-'V dt.i- 
grams cannot he u“-ed for dcNign calculation’:, to follow out the ‘I'fjnence of 
action, etc. An advantage 0! thr^o «;jmhoIs H ihejr miher'-al nature. «^infe 
they c.'in he u-cd for .no working flunf (hath liqiiiti- and 
The cliief merit of the^o graphical symhoK from a purely prart1r.1l 
viewpoint i«s their simpliniv lhe> can he rapidly drawn Miiretheycoi^io 
ol lengths of straight lint"', rirrle" or arcs and arrow- for sliowing liie diac- 
tioii of fluid flow Tliej r.m he drawn without the need for a compa*s or ruh*. 
ii'ing only n plastic stennl or teinpliilo • . . • 

Hy properl\ comlunnig liu* ha-ir and siippfement.iry s^m'io/*, it i- po». 
Slide to depict fiiiirtional gr.iphiral reprc^eiitauon'* of romptex app-ir.itu'. 

HydruiiUc graphic..! -Miiho)- ..re not rp-tneted h\ any stipulated ‘C.ih 
in each case, the -ize- of the s>m{Mds arc -» lected to -.ill the -ire of the grn* 
oral diagram of llie machinr loot ... 

A system of standard graphic..! -vmhoJs (or livdr.uilir 
po-ed n few year* ago hy the Joint t«d>jstr> t onfenurc of ih. I . \. IheH- 
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and cross slides, and the machine tool to he quickly changed over for ma- 
chining work of other shape and size. 

Figure 156 shows a combined diagram of automatic operator A and master 
control switch >1 ^ as used for sequence control of manufacturing operations. 
The number of hydraulic motors 7 (power cylinders, in this case), cams 5 
and directional control valves 6 should be equal to the number of manufac- 
turing operations handled by the automatic operator. 

Four-way directional control valve 2 (model, r74-2) is used to control 
hydraulic motors 7. This valve receives its command signals (is actuated 
in this case) from cam shaft 3 of the machine tool, or from any other control 
unit. The pressure pp developed by the pump is applied in parallel to pusher- 
piston I and to directional control valve 6 of the master control switch. In 
its upward travel, piston 1 turns cam shaft 4 of the master control switch, 
through a definite angle. Cams 5, mounted at definite angles in respect to 
each other, depending upon the cycle of operations, operate valves 6 in the 
given sequence, thus admitting oil under pressure to the corresponding- 
ends of the hydraulic motors. The motors actuate the required movements 
in the machine tool. 

Investigations and experiments on automatic operators have shown that 
the level of pump pressure substantially affects the stability with which 
the hydraulic motors are operated. In this connection, it is advisable to 
maintain a pressure of pp == 25 to 30 kgf per sq cm. A decrease in pressure 
to 18 or 20 kgf per sq cm leads to a stability almost one half that at 30 kgf 
per sq cm. A rigidity of /c = 4 or 5 kg per mm is sufficient for the spring 
of pusher-piston I (Fig. 156); its initial compression should be 3.5 to 4 kg. 

Hie speeds of the hydraulic motors (pistons in power cylinders) in an auto- 
matic operator do not usually exceed 120 mm per min. 



ciiaptj:h 14 

in DRAULIC CIRCUIT DCSIGN 


14-1 Convenllongl Designation of Pumps, 
Hydrauhc Motors and Other Apparatus in Circuit Diagrams 

In ilnv.jnc lijdnulic circuit diagrams for imchinp lool^ (iiid ill olhor 
rmcliincrj ), con\ cntional dc<?ignitions arc u«od to rcprc'ont pump^ rrcij ro 
cntuig and rolRrj li>dnulic motors and all oilier lisdr^'nlm appinlu** n 
quireii to pro\ido Uic opcnlitig c>cIcsoftlic macliine tool riioso dr u^nnlmns 
maj lie of tuo tjpes 

1 Coiucnliotnl rcprcccntalion in the form of li>dnulic dngnins if 
each unit of apparatus m \\lucli the principles are s!^o^^n in sornt detail 
can lip u«od for circuit design and calculations siufo llu metliod of oj t ration 
is quite clear This tj pe of diagr ini is recommended 1>) EMMS ami is wide Ij 
u«cd in SoMCl machine tool design One drawback liowcvir is tint miifli 
time IS required to draw out tlie c diagram® Om «imple solution Is to draw 
them out on a «oparato «licct of paper and to make a large ntiml ( t of copii s 
b> blue prill ting or other method Jheii in de itning a circuit sj/jiloU 
of the required apparatus can 1 cent out for pinning or pa«tiiig on llu dini,rani 
drawing lines ropre«cnling piping to connect the apparatus in pirallil or 
in senes 

2 Graphicfli sjnihols sliowiog oiil) the fimctions of each appar ilu hnl 
not il« principle of operation an also u<ed for rimiil ilint,rains I he e dia 
grams caniiol he u«cd for de ign calciifations to follow out the soiuince of 
action etc An ndaaiilage of tlie e s>iiiboIs is their um\er al luturi sjtiet 
the> can lo u«od for an> working fluid (lotli liquids nnd gase«) 

The chief merit of the e graphical sjniloK from a puroh practical 
\iew point IS their simplicit) rhe> can Ic npidlj drawn sincethej ccnsi X 
of lengths of straight lines circles or ares and arrows for showing the dine 
lion of ritud flow lhe> can 1 e drawn wiihout llio tued for i compass i r rule 
u mg onlj a plastic feteiicil nr template 

Ilj properh combining tiu basic and «upplenientnr> s\ minis ji is j os 
Slide to ilcpict ftinctional graphiral repre«enlnlions of complex apparatus 

lljdratilic graphical samlols ire not restneted Ij anx stipid'»\i>d scilis 
111 each case the sires of the s> ml oJs are selerted to suit the «i7C of the gen 
era! diagram of the machine tool 

A sjsipjj, of siandnrd graphical sjmhols for h>draiihc apparatus was pro 
po ed a few xcar* ago ha the Joint liidustr> I tmlercnre ol the IS\ Fhest 
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TABLE 6 

Hydraulic Fluid Lines and Connections 


Item 

Name Symbol 

1.0 

Operative (working), pressure or suction lines. 

Piping transmitting the working fluid to the 
hydraulic motor or pump 

1.1 

Drain, exhaust lines. Piping serving for drain- 

ing, returning the working fluid back to the 
tank (reservoir) 

f 

1.2 

Pilot lines. Piping transmitting the working t 

fluid for operating control units h>20b 

- 

1.3 

Flexible line. Flexible hose connected to trav- d>5b d/ 

elling units of the machine tool 


Permanent connection of fluid lines (a) 


1.4 

Separable connection of fluid lines (6) 



4 - 


1.5 

Passing (not connected) lines 


f 


Line to a reservoir: 



1.6 

end of lino above fluid level (a) 

L 

1 1 

( 0 ) 


end of line below fluid level (6) 

L. 

4_j 

0) ' 







n\ in At Lie CII CLIT 1)1 '•ir.s 
T A R I I f (rontlnoM) 


ItPtn 

1 — 

1 '^)r' 1 

1.7 

Air MtfOinir lacililj 

1 8 

Dinction of nflnrc^pr«l^»I^ flow — ■ f-' 

Piriction of rr%pr<il)lo flow — ■■ * ■ f* 

I 0 

Phu; or plupppl coimoclinn for am Hint or ^ 

ollirr lino 

1 

1 10 

I Gmeo contnctinn or |tro««iirc liko-ofl or ton - 

noction of i mill 

1 11 

ro«i'<tinco m wliicli llio pro««Mfp drop 

Mirio^ willi tli( vclofitj mil 'i«fo<il\ of Iho ■ , — s " 

1 fllMil 

1 12 

1 

Oiiick c(nf»ctioii coiipliii^*-* 

willioiil chork («) ('> 

willi oiu rhock \iJ\« (M *0 1 ^ ’ 

iwlJ) Mw> rlj..k (O 

I n I 

Ilotitini; joint f r m <r flni 1 hno« 

for « m null 1 iiir <«> — ’ f } 

for lliroi fliiMl linov jt) ' 

1 11 

Tolo-r. (.If ..mi “(«i <1 Uni Im*' H ~ 


3n3 
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Fixcd-displacomenl pump. Heavy 
arrowdiead shows the direction of 
fluid di.scharge from the pump: 

nonreversible (single-direction) 
pump (a) 

reversible (two-direction) pump 

ih) 


Variable-displacement pump. Heavy 
arrowhead shows the direction of 
fluid discharge from the pump: 

nonreversible (single-direction) 
pump (c) 

reversible (two-direction) pump 

id) 


Convertible pump. Unit used ei- 
ther as pump or as rotary hydraulic 
motor in the hydraulic system. Heavy 
arrowheads show fluid discharge 
from the pump and fluid input when 
the pump is employed as a hydrau- 
lic motor. 

Fl.xed-displacement pump: 
nonreversible (single-direction) 
pump (oj) 

reversible (two-direction) pump 


Ditto, hut 

variable-displacement pump: 
nonreversible (single-direction) 
pump (ci) 

reversible (two-direction) pump 
(di) 


(/J or 

6 6 a a 


0^ h Pc 









H\ IT Vtl ir ni CLIT 1 isn.n 

TAIILI 7 (rottlriipi) 

Item 



ic-tffiu' lisifniilic r\(iiiIcT 
n^ilrjiilic motor in uhirh Iho 

«iirP nets on llio iii'-loti onH iti imi l 

<)iricti»n I’i«ton i- ntiirmi Kj llio I ) ) ' ' 

nclion o[ «ojtH ixlirml fore* nr 

wpjpljt If) , , 

nv— L 

J <1 

1 

1 1 I " J 

Doiilih 'icliht’ Iijiir'iiilic ivliiiJir (/j 

Hxdntllir inolor in ulnrli tin i>r« » 1 1 

xiirp acts on llii |ii'lon in lolli <li f~*~} | ^ i 

«inp|o cimI rml rvluilir (/) 
iio))it}4 ri4>) CiiiiiitfU) 

^7 1 

1 

i 

iiMlrmlic motor 1 nit iti 
whirli om rpx ( f tin Hiioi is conxtrl 
rd intn nicciniiicil iiorp> « f 1 ro 

titiiip nii’‘S Toffioi (iitht out|>iil /4v^ 

'•Infl js prn/'orijoHil lo Ijir ca;'»ri f 

t> (it till r«tlr\ motif mil |ir«"iiri 
drop lietoicn tlio iiipil 'll! I oiil)iiit 
cliamliofs (linxN nrrowlipil 'lious 
fluid ciicri.) input) 
li\rd di-phcimuM motir* 
iionrcMr'ibU (rililnm in on* 
dinction) (<i I 

mif'ijWi (rol jIioh in l>otli li 

ncliiin.) (/;) r) 

\ an ildc ili'i»laci im til mitir« ic^ 

iionrcM rsiitli (nTitnii m »np 
dircriii n) (C;) 

ri\ir«il«li (rolition in l*»ih ii 
rictioiix) (</,) 

Jfi i 

! 

1 

lunitcl rotirN lix Irmfic inil«r 

1 lilt m wliidi III' 'me lit" a ^oti pT 

r> 0 cilhtiiu motii II (M ^ 
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TABLE 8 
Miscellaneous Units 


Item 

Name Symbol 

3.1 

Shaft of a rotary unit (electric motor, etc.). ■■ f 

Arrow .show,s direction of rotation \ 

3.2 

Component, enclo.sure. A.s.semhly of .several 
units connected together by piping or internal j j 

channels in a single hank or housing, or on a L 1 , 

single panel 

3.3 

Reservoir (fluid tank) of the hj'draulic system j | 

3./j 

Manual .shut-off valve — 

j 

3.5 

Pressure gauge 

3.G 

electric contact with adju.slahlc pressure 
(pressure switch) for operation up to a positive 
stop, etc. The unit has one normally open or 
normally closed contact controlled by the pres- 
sure in the hydraulic circuit. The da.sh line is 
the symbol for a double electric contact. The 1 1 

slanted arrow shows that the unit is adjustable. 1 

Other types of electric contacts are repre.«erited 
by symbols u.sed in electrical engineering 

3.7 

Limit switch 











llMirALLIC Cll CUIT r*ESION 


T A ll L r 8 (coutlnuM) 


rtnii 

Nan«f 

s,rtcl 

3 8 

Acciimiilntor. Lnit cnablini' a aniautit 

of liquid 1(1 1)C acctimuhlcd duo to doforination O 

of clastic element* (eiinnc®, air, uitrotron. etc ). 1 [*“^i 

tlic onerpj hciPj; rcstond 1>\ dj«cliarping the Vr ‘ 

liquid inidcr rrc*«iiro 

3 9 

1 

Filter. Unit de«ipncd tor riltcriii^ the fluid 
circulating in tlie lijdrnttlic sjstem 

0 $ 

J.IO 

3.10, 

3 .IO 2 

Electric motor 
fij{cd.«;ieed motor J 
variable «p<od motor 2 

O0 
/ ; 

3 M 

\ 

Intensificr. Unit dc<igneJ for increasing OiiiJ 
pressure 

®E}- 

!• 

3.12 

. 1 

Koat C'cclians’er. Unit u-cil cilliir to riiimvc 
beat from llie fluid — for cooling jt — or for 'tip* 
pljme licit to the fluid — for lirating it. Arrows 
point outward for cooling anil inw.«rd fur heit- 
ing 

1 

-e- 

3.1 ? 

1 Cooler. Lint U'cd for cooling the fluid circu- 
lating m the Direction of arrow* iiidi- 

j cates licit removal 

-e- 

i 11 

1 Heater 1 nit u«cd for heating the fluid circii 
i lating in tlie svvlem Direction of arrow* inJi 
' cites }u it «iipph 

1 
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TABLE 9 


Directional, Reducing and Flon-Confrol Valves 



/j.O The basic symbol is a square or rectangle in which 

lines show internal fluid flow along the channels of 
the unit, and an arrow shows direction of Dow. Par- 
allel shift of the lines from position to po.sition of 
tlic unit indicates its mode of operation 


Normally closed single-channel valve; 
in initial position — nonoperating 1 
in on position-operating 2 


Normally open single-channel valve: 
in initial position — operating 1 
in on position — nonoperating 2 



Basic outline of a valve symbol. The number of 
squares equals tlie number of valve positions. Three- 
position valve is shown 



Symbol of a directional valve having intermediate 
positions is divided into squares by dash lines. Shown 
is the outline for the symbol of a three-position di- 
rectional valve with transition through one interme- 
diate position 







in III’ \Li iL ni 1 1 IT M.'H.s 


T A I! I I 9 (rnrtiniKit) 


linn 

! 

Naiiip 

*.). i I 

7.1 

Arrow'* v|inw tlic dirictinti of (Idiil rirriililion in 
tlio clintinr]« of tlio la tin* lifl-Iintd «(|(nn of 

tlio lu'-ic \aI\o '•Miiliol, th(* iiiimiHr of hto '< i{ lo 

tlio iiiitnlieruf nmd hill ■* of tin* h)ilraitlic motor In tin 
middlr ’•qiiaro, tlio nninlior of ronuoctinn* i«r<|iial t<> tlic 
ntimbor of rxtinnl Iiik-' ilr.iwii |o iho 
intern.'il rliaiinol'* .'irr itnliritiH) bx o «liort lino •*i|uiri‘ In 
tin* fltinl lino. Tin "jtiiiKil inilir itiiiii r< \(r«iiiihti f- 
'*hnwn in tlio ntilit-liind Mpnri. rotiilnn itioii of Du 
nclit Ijhk! nnil midilli' ■'rjinn* r)i irirli rin - tlio |vtt1i of 
tlio Hind tlironpli tlio x.Ovo oliinni)'* lolltr *‘xm}>ol‘ 
— IMimj), T — t.ink, I) md h — lixdniilic inolor** 

ssfe] 

P T 

■ 

GonmotricaJ construction of tho 'fniir«« of tin l-i'** 
ic «)inl)()l 

Q| 

» 1 

Intrriul coiiiioction in \alvi* lioii'*ini* .\rfow »li(iw« 
diri’Ctioii of fluid disfliargo 

a 

it 1 

Hohof \al>p for limitmc uri'Hin in tlio "N'tom lo 
a I’l'f’n lo'pl 


■ 

Uomotol) ofx rated I'hif aaUo tf<r Itraltm* t'rc« 
«iin ) 
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TABLE 9 (continued) 


Item 

Name 

Symbol 

9.3 

Remotely operated unloading valve. Used in hydrau- 
lic systems of machines to remove pump pressure for T 

a definite time depending upon the transmitted con- Hj 

trol signal 

t 

W 

10.1 

Directly operated sequence valve. Used in hydraulic 
systems of machine tools for co-ordinating consecu- jip- 

tive operation of two hydraulic motors, for instance, 1^ 

for clamping the blank followed by travel of the pow- j 

er piston 

li 

1 

yi 

li 

11.1 

1 

|...- 

Reducing valve 

b 


1 

yj 

11.2 

Reducing valve with constant reduction. Valve ena- : 1 _ 

hies a constant difference to be maintained between full |h 

input pre.ssure and reduced output pressure 

1 

•1 

1 : 
li 

11.3 

Reducing valve with proportional reduction. Valve 
enables a constant relationship to be maintained be- 
tween full input pressure and reduced output pressure 

r- 

— 

li 

1 

1 

1 

,1 

i| 

.j 

12.1 

Variable restrir.tinn (rlinl.-n) — L 

12.2, 

Fixed restriction 











n^HKVLLIC ClI CLJT 



T MU r 9 (coillri-fjj 

ItplII 


Vj .. 1 

2- 

Vnnable rc'trichon without IpalaCt* di«po*a1 otil. 
side of \al\o 


■ 

Variable rc<triclion wilh lealLan* di'I'o*'‘l oHl'ide of 
Aahe 


IJ 2i 

Variable re«tricttoti witli dram lo for ‘iirj'lti* 

Hind flowing tlirouch \al\i‘ 


IJ 3 

Normallj open brakini; %al\e for |i%dranlie motor’' 
The \aUe is mounted in the onipiit liPo ""‘I octiial' 
ed hj a cam wind* overcomes the prf“ure of a 
“priiic 


D 

Tracinij device with a <mffle-edire directional mUo 


12 i 

\<Ijii'tiMe fuiir-wj\ open-centre dirirl«''t''*l ' 'Iv 


12 C, 

Tracint: tlevice with a four-etlce din'd*'"*'*! '■*!'' 


12 7 

Adjustable fonr-po<itioii cIo*e«l-crntr« directuml 
\al\c 







standard Directional Valves 
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11 riiiiiucinl y* to It and 


CIltCLlT 1 1 SIGN 







3G4 


HYDRAULIC CIRCUIC DESIGN 


TABLE 11 

Examples of Symbols Representing Combination Controls and Certain 

Circuits of Units 


Name 


Svinbol 


Internally piloted counter- 
balance valve with integral 
check valve, model r66-2; a — 
internal seepage drain; b — 
outlet to system and outlet in 
reversing; c — inlet to valve 
and outlet in reversing 


Remotely piloted counterbal- 
ance valve with integral 
check valve: a — internal seep- 
age drain; 6— -outlet to sys- 
tem and inlet to valve in re- 
versing; c — inlet to valve 
and outlet in reversing; d — 
remote pilot connection 


Internally piloted, normally 
closed sequence valve with 
adjustable spring and integ- 
ral check valve 







n\nnAiric rucuc rr^ios 


TADLI II (rottlniiiHl) 


Natt e 


Adjustablp norimlU open 
reducing ^al^e \\itli inlepnl 
check \al\c, for rtNcr^e tra\ 
cl of the lijdniihc motor 



Adiustahle norinallj clo'od 
reducing \ahe tint «n|oad« 
to tank when reduced pre® 
*«re etreeilod 



Automatic Ml\e for «witcli 
inj pump on and off diiring 
opention with nn lectiniula 
tor 


Pr 

ii 



Flow control \•lI%e^^lth max 
imiim prr«'iire ind rxlerml 
dram 



Hull flow dixider \tI'< f‘ r 
«>ncljronmng trixel (f I' i 
dniilic tiiotor< 
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HYDRAULIC CIRCUIT DESIGN 


TABLE II (continued) 


Name 


Symbol 


Fressui'c-compensalcd flow- 
control valve for one direc- 
tion of flow with check valve 
for reversing; a — inlet; b — 
outlet to system; c — external 
seepage drain; d — check valve 


Pressure-compensated flow- 
control valve for one direc- 
tion of flow with relief valve 
for limiting reduced pressure; 
0 — pressure inlet; b — reduced 
pressure outlet; c — outlet to 
unloading valve; d — outlet to 
tank; c — external seepage drain 


Manually controlled vari- 
able-displacement pump 


Fixed -displacement pumps 
connected in series with max- 
imum pressure at output and 
remote control of the pres- 
sure of the first-stage pump 










m M ic m e i IT HI ••u.s 


TaIII. I M (r< ntlnuMi 


Om* fi\t(l-nn(I one ^nrn^Ip- 
<li'pl-ic( riiriil pump eftrin<rf<’</ 
HI j.innrJ /\tiluma(ic cok 
trol of \.«riiIilo <li'‘phcrmpiil 
jiiiiMp III ficronhiict with ({< 
yrloppi] pri^'xiirr, Ihi’/ih} It iJ 
ini; to coii«tant ciin'iiin|)- 
tion of iiinxinniin power 



ViiriiiMo )livphceiiiMi( piuiip 
with ‘•I'rxoinutor control' 
Control i« iiKchanirnllj 
nctiiatcd h) .1 earn Fix<i{ 
ilt‘p)acctnr>it, com lout prc' 
«iiri* pump m the Mr' 

xoinrcliini'<iii 



Vori'ihfo ((i>pf<iccnii nt pump 
With «cr\oinotor control'' «r 
tiintid li) d rom < iintroi 
iiicclniii'm liu> 0 ilifferuitiaJ 
pi«(«n 



\ onahlo (ii'pl.iceim nt p'lmp * 
rontrollfil from the pre'^urc 
which I' pri“«et h) iidjii-tinw' ! 
the -priiii’ of till rolilrol ( 

pi«ton I 




I 
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HYDRAULIC CIRCUIT DESIGN 


and the required power rating of the drive motor. The data on variable- 
displacement pumps include the delivery range. 

Machine tools with a power consumption 3 kAV, usually have double 
or single vane pumps developing a pressure 7; <55 kgf per sq cm. In the 
USSR, these are single vane pump, model ri2-l, with a delivery in the 
range Q = 5 io 200 litres per min, and double vane pump, model 5ri2-l, 
with various combinations of deliveries. 

Variable-displacement rotary piston pumps, developing a pressure 
p = 100 to 200 kgf per sq cm, are to be preferred for machine tools with 
a power consumption A''>5 kW (broaching machines, planers, slotters, etc.). 

The power consumption of machine tools operating at medium and high 
speeds, with a small pulling force (grinding, lapping and honing machines) 
is usually limited to 4 kAV and the fluid pressure does not exceed 20 kgf 
per sq cm. Gear pumps, models Til-l and ril-2, with a delivery range from 
12 to 140 litres per min, find application in these machines. 

The diameter of the power cylinder of the machine tool is selected in 
accordance with the force that the piston must exert, or with its required 
speed. In some cases, other factors, such as requirements as to smooth trav- 
el, overall sixe, stability of travel, etc., influence the choice of the cylin- 
der diameter. If the pressure in the cjTinder is increased, its diameter is 
reduced as are the required pump output, pipe size and the size of all the 
other hydraulic apparatus. As a result, a more compact system is obtained, 
that is easier to assemble and install. On the other hand, a higher pressure 
requires the use of more expensive pumps, higher leakproof qualities of the 
piping and more reliable packing and seals. 

The pressure in the power cylinder does not, as a rule, exceed 45 kgf per 
sq cm. 

A ratio of the cylinder length I to its diameter D over 20 is not advisable. 
It has been observed that at Z 20i5, there is a danger of self-induced vibra- 
tion due to the increase in the elasticity of the hydraulic system. Hence, 
instead of long reciprocating strokes of a power piston, it will prove more 
expedient to use a rotary hydraulic motor, capable of developing the required 
torque, in conjunction Avith a rack-and-pinion or power screw drive. The 
additional train of gears from the rotary motor shaft to the table rack in- 
creases the cost of the machine, reduces its efficiency and increases the 
inertia in comparison Avith a system based on a poAA’er CAdinder. 

Standard control apparatus, standard pipe fittings and connections, and 
standard seals and packing should be used throughout in designing hydrau- 
lic circuits. The construction of these elements has been developed by 
ENIMS and has found extensive application in Soviet machine tool produc- 
tion. 

The hydraulic circuit diagram of a machine tool should be as illustrative 
as possible and easy to read. A diagram AA’itb these features can be made if 
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and Llie required power rating of the drive motor. The data on variable- 
displacement , pumps include the delivery range. 

Machine tools with a power consumption TV < 3 kW, usually have double 
or single vane pumps developing a pressure 7 ? <55 kgf per sq cm. In the 
USSR, these are single vane pump, model ri2-l, with a delivery in the 
range <^ = 5 to 200 litres per min, and double vane pump, model 5ri2-l, 
with various combinations of deliveries. 

Variable-displacement rotary piston pumps, developing a pressure 
p = 100 to 200 kgf per sq cm, are to be preferred for machine tools with 
a power consumption iV>5 kW (broaching machines, planers, slotters, etc.). 

The power consumption of machine tools operating at medium and high 
speeds, with a small pulling force (grinding, lapping and honing machines) 
is usually limited to 4 kW and the fluid pressure does not exceed 20 kgf 
per sq cm. Gear pumps, models Tll-l and ril-2, with a delivery range from 
12 to 140 litres per min, find application in these machines. 

The diameter of the power cylinder of the machine tool is selected in 
accordance vdth the force that the piston must exert, or with its required 
speed. In some cases, other factors, such as requirements as to smooth trav- 
el, overall size, stability of travel, etc., influence the choice of the cylin- 
der diameter. If the pressure in the c5Tinder is increased, its diameter is 
reduced as are the required pump output, pipe size and the size of all the 
other hydraulic apparatus. As a result, a more compact system is obtained, 
that is easier to assemble and install. On the other hand, a higher pressure 
requires the use of more expensive pumps, higher leakproof qualities of the 
piping and more reliable packing and seals. 

The pressure in the power cylinder does not, as a rule, exceed 45 kgf per 
sq cm. 

A ratio of the cylinder length I to its diameter D over 20 is not advisable. 
It has been observed that at Z > 20 D, there is a danger of self-induced vibra- 
tion due to the increase in the elasticity of the hydraulic system. Hence, 
instead of long reciprocating strokes of a power piston, it will prove more 
expedient to use a rotary hydraulic motor, capable of developing the required 
torque, in conjunction with a rack-and-pinion or power screw drive. The 
additional train of gears from the rotary motor shaft to the table rack in- 
creases the cost of the machine, reduces its efficiency and increases the 
inertia in comparison with a system based on a power cylinder. 

Standard control apparatus, standard pipe fittings and connections, and 
standard seals and packing should be used throughout in designing hydrau- 
lic circuits. The construction of these elements has been develoned bv 

ENIMS and has found extensive application in Soviet machine tool piDduc- 
tion. ^ 


lie hydraulic circuit diagram of a machine tool should be as illustrative 
possible and easy to read. A diagram with these features can be made if 
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the conventional representations or graphical symbols are properly arranged 
\vith the minimum number of intersecting lines. 

In the Soviet machine tool industry, the Stankoprinadlezhnosti Plant 
(Hydroprivod and SDO-7) is engaged in the centralized manufacture of 
standard . hydraulic control panels (types y4251, y424, 3y4222, y4244, 
y4245, y4246, Sy 4252 and y4247) for various cycles of drilling, boring 
and milling operations with remote and automatic control systems. The 
plant also produces hydraulic control panels for grinding machines (models 
rill, rmn, rniy and rai-l), designed for various operating cycles. 

An example of a control panel with automatic command signal change- 
over is shown schematically in Fig. 157. The panel is designed for operation 
with two fixed-displacement pumps, one for low and the other for high pres- 
sure. The low-pressure pump LP is used for rapid approach and withdrawal 
movements of the power piston; the high-pressure pump HP is for working 
travel. The cycle provided by the panel constitutes: rapid approach— work- 
ing feed-rapid withdrawal— stop. 

Main directional control valve 9, flow-control valve 6 of power piston 
travel and relief valve 3 of the low-pressure pump are mounted on a plate. 

Oil delivered by the pumps is distributed by the main valve. The posi- 
tions of the valve spool for the various command signals are shown sepa- 
rately. 

The following are used for rapid forward travel: oil exhausted from the 
rear end of the cylinder and oil delivered by the low-pressure pump LP. 
The output of pump HP is unloaded at low pressure to the tank through 
valve 4. 

During working feed, oil from pump LP drains back to the tank at zero 
pressure along line LP-T. Oil is delivered from the high-pressure pump 
to the front end of the cylinder through flow control valve 6. 

The rear end of the cylinder is connected to backpressure valve 10 {p = 2 
to 5 kgf per sq cm). This valve serves to equalize the friction forces to some 
degree. 

Upon rapid withdrawal, oil from the low-pressure pump is delivered 
to the rear end of the cylinder through line LP-RE. At this, the front end 
is connected to the tank. In the STOP position, both pumps and both ends 
of the cylinder are connected to the tank. 

The spool of the main valve is shifted to the RAPID FORWARD position 
manually bj'' means of pinion 2 and rack 1. This motion compresses spring 11 
in the valve, thereby providing for return of the spool. 

Aa the control lever runs up on cams //, III and /F, detent 8 is lifted, 
enabling the valve spool to shift by spring action to the nositions- 
WORIUNG FEED, WITHDRAWAL and STOP. Since thrspool pass 
throngh lha WORIONG FEED and WITHDRAWAL positions H il 
again shifted to the RAPID FORWARD position, the lever (linked to 
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pinion 2 ) must Lo turned ^^pldlJ to n>oid motion of tlic power pi‘lm jn the 
intermediate positions 

Since the openinp in throttle 7 is \crj ‘mill (fraction of n *fjtnro 
millimetre), the oil is pi^eed through filter 5 to a\oid eloj^in? the 
throttle 

The relief ^aI\e of the liiph pressure pump i« «el to a i>rt ^nre from 8 to 
10 kgf per sq cm higher than tint required in the machinini: irtrc*^ llii« 
adjustment is made with the power piston up ogain'l a po iti\c ••top The 
relief aal\e of the low pressure pump is adjusted to the prr‘-«iirt required 
for rapid traaer«e mo\cracnts The pre«surc gauge «!ho\i^ tlio pre* ure in tlie 
sjslcm at all times except during the return «troke 
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Accumulator, spring-type, 240 
Airtightness, 256 
Amplifier, hydraulic, 303 

hydraulic torque, 316, 318 
Analysis, kinematic scheme, 81 
kinematic structure, 53, 58, 59 
Angle, dedendum, 165 
Angle of mismatch, 309, 344 
Antioxidant additive, 216 
AsjTnmctrical hydraulic cylinder, 244 
Automatic operator, 349 
Auxiliarj’’ material element, 14 
Axial-piston motor, 252 

Backpressure, 205 

Balanccd-piston-typc rclici valve, 320 
Basic displacements, 60 
Basic symbols, 351 
Bernoulli’s equation, 264 
Bcsslrashnov, V., 30 
Bevel gear generators, 107 
Bevel gear grinder, 182 
Bevel gears, cutting, 100 
Bogdan Khmelnitsky INlachine Tool Plant 
(USSR), 206 
Booster, liydraulic, 250 
Boring machine, 200 
Braking load pump, 152 
Branching power circuit, 289 
Breido, M., 30 

Cast-iron split piston rings, 200 
Cavitation, 231 

Centralized remote controls, 347 
Chain, internal kinematic, 26 


Circuit, stabilization, 29S 
Circuit symbols, 366 
Closed-centre valve, 337 
Closed oil-circulation system, 284 
Closed surface, 12 
Coefficient, flow, 279 
Coefficient of volumetric losses, 224 
Coefficient, power amplification, 309 
resistance, 284 
Combination constraint, 195 
Combination control unit s>Tnbols, 364 
Combination pumps, 235 
Combined kinematic structure, 38 
Complex kinematic group, 26 
Complex kinematic structure. 38 
Complex operative motion, 23 
Compound kinematic group interconnec- 
tion, 45 

Compressibility constant, 226 
Compressibility factor, 217, 343 
Conductance, 305 
Conductivity, restrictor, 278 
Cone distance, 165 
Connection symbols, 353 
Connections, intergroup, 195 
Constant-displacement nonreversible vane 
pump, 234 

Constant-pressure tracing system, 306 
Constraint, combination, 195 

electromechanical internal, 207 
intergroup kinematic, 50, 210 
intermachine, 204 
intramachine, 204 
kinematic, 2G 
nonmechanical, 194 
operative, 20 
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Cnntinuilj cquition, 2C9, 270, 2S3, 
322, 3'.3 

Continuous motion, 21 

Control pincl, 372 

Control panel, hjdrniilic, 330 

Control 'jstoni, clofinition of, 275 

Controllahilit} of motion parameter!, jt 

Cnntrolleil member, 275 

Controller, 275 

Controlling motion, 2 \ 

Controls, centralized remote, 3t7 
directional, 330 
flow. 229, 270 
metering out, 252 
pro-'ure, 321 
rtmote, 317 
sequence, .350 
sjieed, 275 
two-«tnge, 311 
>oliime, 330 

Coincntioml pre««ure 223 
Correction bar, 88 
Correction iniclnni«m. 207 
Cndle, 1C) 

Critical spied. 283 

truwn gononting gear, 72 

Crowmd stniglit-toolli bead gear*. KO 

Ciiraed toolli be>cl gnr> 1C2 

Cu'-liinned power cylinder 251 

(U'litnmng li>dr'iulic caliniler<, 2f3 

Culling leael gtar*. IfO 

tutting lutilion 21 

Cutting noncirciihr giar-, 185 

tutting IK nimifonii jutch tbmd* J83 

Cutting profile 7(i 

Culling kjnir .nnd lielicil giar- 112 
Cutting tool, '■Inpe of "u 
t>lin(hr. a«>iumetriral }i>dnulif 2*i 
CAliiulrr bore duineltr Mloclion 2»5 
t a limlc r bon ilnmiter- rec<>iiiiiirndr<l 2)» 
CjlinOcr sMubol', powir 35 j 
C\ liiidi r lul e 251 
tjlindcrs liydnuhc 2»* 


dAlemlert’s iqinlifi, 2'3, 273 
Damping. 2r,S 

Daaid Drown Corp (t.Il), 132, 133, Cn; 
Dead zone, 310 
Drdcndiim angle, !r'» 

Delltclor. 207 

Degree of mnimifurTnila, 2Sl 
Diliarr>, pump, 233 
DcMgn, li>drauljr rircuit, 3rs 
power ejliniler, 370 
Diagnm«, coiiMnlioinl reprr*intstu n in, 
3*,1 

Diflcrrntial 03 
Differentiil flow rontrl, 2*3 
DilTrnntial g'lr bollior, (fi 
Diflerenliil gearing 102 
Diflerntnl kinenntif ‘inirtim r3 
Diflerrnlii! ‘tniclure, ri 
Diflmntnl train, 1*' 

Directioin! cmtn'l v.ilve, J’’3 
DmclKnal C4u1r<d«, 33tl 
Dmclionil mKi, baud operated. 3'''» 
Dmchonal anhe »mii1o 1*. ."t 2 
Difictionil a «Ke. tbrii wi\, t ') 
two po«itK II, 327 
Directrix. II. I '■ 

Di'ktxpi cutter, 170 
Di'placitiiuits. ba-ic. U* 

DiM'liiig \ihe, 32'! 

Driilili acting liMlniilic rvliiulrr, 2'.r. 
Doiilibdrixo arrang-miiit, 

Doiibli pump 231 

DriM inertn 273 

Dxnimic rigiditj. 2‘'2 

Dynamic ngidil\ ^[b^*In 1 lllf »j'titii» 

I Dick nr\ 21 1 
Ifiicunra Indrjulic 233 
I leclric-coiiticl trartrcentml 31 

I IrctnuHclnninl uitennl eni'tnint 207 
tUmintira kimmatir *tructim 3S 
Ibnientar) noti'ii 22 
I liiiuiit* « 1 *iirhrr» 1 1 
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Energy losses in hydraulic systems, 214 
Engine lathe, 44 

ENIMS (Experimental Research Institute 
tor Metal-Cutting Machine Tools, USSR), 
31, 32, 50, 128, 146, 179, 213, 222, 
253, 296, 317, 351, 370 
Enveloped surface, 11 
Enveloping surface, 11 
Equation, d’ Alembert’s, 265, 273 
kinematic balance, 59 
Equation of continuitj’’, 264, 269, 279, 
283, 322, 343 
Error, reproduction, 314 
tracing, 304, 314 
External surface, 11 

Factor, compressibility, 217, 343 
quality, 309 

velocity increase, 328, 329 
Feed-in motion, 24 
Feed motion, cutting, 24 
Feedback, negative, 309 
Fittings, pipe and tube, 221 
Flared-typo tube fitting, 221 
Flat face gear, 165 
Flow coefficient, 279 
Flow control, differential, 293 
Flow controls, 229, 276 
Flow-divider valve, 302 
Flow rate, 221 
Fluid line symbols, 352 
Fluid properties, hydraulic, 216 
Fluids, hydraulic, 215 
Formate gearing, 172, 181, 185 
Formative kinematic group, 38 
Formative motion, 14, 24 
Formative motions, number of, 18 
Forming methods, 14 
Four-edge valve tracing circuit, 307 
Friction losses in packing, 262 

Gasket-mounted valve, 333 
Gear, crown generating. 72 


Gear generating methods, 134 
Gear generation, 113 
Gear grinder, 35, 44, 45, 50, 145, 207 
Gear hobber, 47, 50, 52, 115, 132 
Gear hobber structures, representative, 51 
Gear bobbing, oblique-feed, 121 
Gear pump data, 225 
Gear pumps, 234 
Gear-shaping machine, 204 
Gear shifting, hydraulic, 346 
Gearing, Formate, 172, 181, 185 
Generating gear, crown, 72 
Generating line, 11 
Generating lines, types of, 12 
Generating method, 15 
Generator, 27 
Generatrix, 11, 14 
Geometrical element, 14 
Geometrical shaping by machining, 19 
Geometrical surface, 14 
Golovin, G., Prof., 59 
Graphical symbols, 351 
Grinding spur gears, 145 
Group, formative kinematic, 38 
Group interconnection, kinematic, 40, 42, 
97, 105, 148, 178 
Group, kinematic, 26 
Gumming up, 218 

Hand-operated directional valve, 335 
Handling motion, 24 
Heavy-duty crankpin lathe, 68 
Hidden differential, 69 
Hidden summation transmissions, 68, 125, 
176 

High-speed response, 217 
Hindley worm, 82 
Hob relieving machine, 104 
Hob shifting, automatic, 121 
Hydraulic amplifier, 303 
Hydraulic and electric drives, comparison 
of, 214 

Hydraulic apparatus classification, 322 



ndex 
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lljdraulic circuit diagrams 3C9 
Hjdraulic control panel 339 
IljdrauIic cjlinders 2i4 
Hjdraulic cfficicncj, 233 
Hjdraulic fluid linos 219 
Hjdraulic fluid properties 21G 
Hjdraulic fluids 215 
Hjdraulic gear shifting 3.C 
Hjdraulic intensificr 250 
Hjdraulic machine tool classification 2 oo 
Hjdraulic motor rc^ciral 3 if 
Hjdraulic motor rotarj 251 31. 
Hjdraulic motor supplj 276 
Hydraulic motor sjmchroniration 301 
Hjdraulic motor torque 272 
Hjdraulic resistance 28i 
Hjdraulic re>crsing dexiccs 330 
Hjdraulic sjnchrotie 3IG 
Hjdraulic «jstem 213 
Hjdraulic sjsfom applications 213 
Hjdraulic sjstem inertia 2CS 
jdraulic system* volumetric changes 
»fi 223 

Hjdraulic tncer-controllcd slide 318 
Hjdraulic torque amplifier 310 318 
J nulicillj sjnclironiiod motion* 199 
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Inlergrojp connection* lUj 
Inlcigroup kineravtic con Irainl "o 
Interim^ kinemsifc 26 
Inlemiachinc con‘frainl 23. 
intennittent motion 21 
Intern-il con«traint 25 
Internal «urfare H 
(ntramacltine cf'n«tr3Jnt 20. 
Invertible generating line ll 
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JIC «j-ml«I« 3 3 
Jig borer 200 


Ka«onov P lOj 
Kedrin*kj \ 181 

Kinematic 1 vlancc equation ..9 
Kinematic ealculvtion cl vin 
Kinematic flam* parallel cn 
Kinematic constraint 2'* 

Kinematic con‘tnint Intergrojp Hi .il 
Kinematic group definition of 2 
Kinematic gr up fomvtive 35 
Kinematic gro ip interconnection ,6 ,3 
97 IOj 14S I'S 
Kinematic interlink 2i 
Kinematic rigtdilj 252 2'i2 
Kinematic ngiJitj of hjlrsilc *v I in* 


•deal %al\p 310 
Impelling element pump 2-8 
In travel remote control* 3.7 
Index Mcco-iitj 3lj 
Indexing compound 4" 
Indexing motion 2. 
ndicited power of cjlinder -Uj 
ndiMduai motor suppiv _ ( 
Inertia drue -73 

hjdraulic *}*tcm 268 
Initial moment «f motion -I 
‘“rut element 303 

n‘<'n«iti\,tj rone valve 3.1 
Intcn-ifier hjdraulic 2o0 


Kinematic «cl me amlj « 51 
Kinemvt c «tructure anilj** v ’• 

Kinematic *tnicturr ch** fcali u n 
Kinematic structure riodifcvli *111 . ‘j 
^election of »2 
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Limited rotary iiydraulic motor, 240 
Localized tooth hearing, 102 
Looses, pressure, 210 
Losses, coefiicionl of volumetric, 224 

Maag-Gear Wlicel Co. (Switzerland), 207, 
208 

Machine tool kinematic .structures, 37, 39 
Alachine tool, multiple-structure, 203 
Machined surfaces, 11 
Alake-iip pressure, 287 
Master control switch, 347 
Master gear-hohher, 127 
Material element, auxiliary, 14 
Material, packing, 2.57 
Mathematical summation, 03 
Mechanical constraint, 27 
Mechanical efliciency of hydraulic cylin- 
ders, 205 

Member, operative, 21, 303 
Metering device, 27, 30 
Metering-in circuits, 290 
Metering-in controks, 270 
.Meteriug-in speed control, 297 
Metering orifice, 293 
Metering-out circuits, 290 
Metering-out controls, 252, 270 
Metering pump, 50 
Methods of shaping surfaces, 14, 17 
Michigan 'I’ool Co. (USA), 104 and 
Alineral oils, 215 
Mi'-malch, 301 
Mismatch angle, 309, 344 
Model, 318 

Modi heat ions in kinematic structure, 
.Modified roll attachment, 172, 181 
Monakhov, G., 31 

Moscow Macliine Tool Plant (USSR), 
Motion classilicalion, 21 
Motion, formative, 14, 24 
.Motion nolalion, 24 
Motion Jiaratiieter, 21, 22 
.Motions in thread-making machines. 


Motor, axial-piston, 252 
Motor supply, centralized, 276 
Motor symbols, rotary hydraulic, 355 
Multiple-position valve, 333, 338 
Multiple-structure machine tool, 203 
Mutually perpendicular tracer control, 312 

Negative feedback, 309 
Noncircular-gear bobber, 187 
Noncircular gears, cutting, 185 
Nondifferential gear bobber, 65 
Nondifferential kinematic structure, 62 
Nondifferential relieving machine, 104 
Noninvertible generating line, 11 
Nonmcchanical con.straint, 194 
Nonmechanical internal constraint, 207 
Nonuniform elementary motion, 182 
Nonuniform-pitch threads, cutting, 189 
Nonuniformity, degree of, 281 
Nonuniformity sign, 25 
Notation, motion, 24 
Number of formative motions, 18 
Numerical control system, 29 
Numerical controls of milling machine, 31 

0-ring packing and gaskeUs. 257, 259 
Oblique-feed gear bobbing, 121 
Octoid gearing, 161 
Oil-circulation .system, clo.=od, 284 
105 Oil foaming, 231 

One-dimen.sional controlled tracing, 311 
Open-centre valve, 337 
Open .surface, 12 
Operation, pump, 235 
200 .«equence-pulse, 347 

Operative constraint, 26 
Operative member, 303 
156 Operative motion, 22 

Operative motion classilication, 24 
Operative motions, functions of, 24 
Operator, automatic, 349 
Orifice, metering, 293 
82 Output, pump, 233 
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Reversing device, 338 
Reversing device, hydraulic, 330 
Reversing valve, 339 
Rigidity, dynamic, 282 
kinematic, 282, 292 
Rigidity of hydraulic systems, 224 
Rotary gear-shaper cutter, 134 
Rotary hydraulic motor, 251, 314 
Rotary hydraulic motor, limited, 246 
Rotarj^ hydraulic motor symbols, 355 
Rotarj' piston pump data, 224 
Rotarj"^ pumps, 228 


Safety relief valve, 323 
Saratov Heavy Gear-Cutting Itlachino 
Plant (USSR), 171 
Seal ring resilience, 260 
Sealing properties, 260 
Selection of kinematic structure, 42 
Selection, pump, 234, 309 
Self-centring piston, 335 
Soil-regulation, 301 

Self-tightening seals and packings, 256 
Semiautomatic gear grinder, 155 
Semiautomatic hob sharpening machine, 95 
Semiautomatic bobber, 121 
Semiautomatic relieving lathe, 109 
Semiautomatic spiral bevel gear generator, 
170 

Semiautomatic straight bevel gear gene- 
rator, jlTS 

Semiautomatic thread-milling machine, 

. 93 

Semiautomatic %Yonn thread generator, 141 
Semilopping, 162 
Separate operation of pumps, 235 
Sequence controls, 350 
Sequence-pulse operation, 347 
Scries kinematic group interconnection, 44 
Series operation of pmnps, 238 
Series-parallel kinematic group intercon- 
nection, 45 


Servomechanism system, tracer-controlled' 
309 

Setting up kinematic chains, 59 
Setting-up devices, 54 
Setting-up motion, 24 
Setting-up procedure, 107 
Setup formula, 59 
Shape of cutting tool, 76 
Shaping motion, 24 
Simple kinematic group, 26 
Simultaneous operation of piunps, 238 
Single-acting hydraulic cjdinder, 246 
Soft packing, 257 
Space parameter, 21 
Speed controls, 275 
Speed, critical, 283 
Speed motion, cutting, 24 
Speed of response, 214, 273 
Speed stabilizer, 278 
Speed stabilizing, 297 
Speed, tracing, 305 
Spiral bevel gear generator, 71, 202 
Spiral bevel gears, 162 
Spool-type directional valve, 330 
Spool, valve, 331 
Spring-type accmnulator, 240 
Spur and helical gear cutting methods, 112 
Spur and helical gear generator, 138 
Spur gear grinding, 145 
Srednevolzhsk Machine Tool Plant (USSR), 
94, 110 

Stabilization circuit, 298 
Stabilizer, speed, 27S 
Stabilizing, speed, 297 
Standard directional valve sjTiiboIs, 362 
Slankokonslruklsiya Plant (USSR), 128, 
146, 179, 207 

Stankoprinadlezlmost .Plant (USSR), 370 
Stop motor, 316 

Straight bevel gear generator. 176 
Structural kinematic chain, 59 
Structural nonuniformity of speed, 292 
Subplatc, 333 
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Summating hjdraulic cjlindcrs 2 9 
Summnlion mcchnni«m AO •'9 97 176 
Suromalipn tnn'iiii«'>iPn 1 iddpn 63 J25 
176 

Supplccicnlarj •j-mbol* 3 jI 
Surface cla««if£alion 11 
Surface «hipinff mclliods 14 
Surfaces maclilncd ll 
Sniich master control 3i7 
S^ToboIs f’nphjciji 351 
Sjuchroniralion hjdrauhc motor 301 
SjTicJjronirod motions lijdraulically 
199 

Sj-nchrotjp Iijdnulic 310 
SiTiclirotic tjpc gear grinder 195 


Tangent method 15 
Tapping midiinc 81 
Taj lor series 300 
Telc«copic hjdrauhc cjlmders 2i9 
Template tjpo bc\el gear planer 163 
Te«t prewtire 223 
Tlirrad cutting methods fli 
Thrcad*grmding machine 45 
Thread making machines kinematic ‘true 
tures of 81 

Thread mjjJing machine 44 
Threaded piping connection 223 
Threading lathe 47 
Three position sahe 333 
Three ^aj directional ^al^e 330 
Time Jag 227 
Time panmeter 21 
Time piston acceleration 207 
Time response 227 303 
Topping 169 

ToproDi (lop rcmo'al) 162 
Torque hjdraulic motor 272 
Torsional ngiditj’ GO 
Trace (4 

Tracer-control mutually perpendicular 
312 


Tracer-conlrojJed profjJ/» milling machine 

3< 

Tiacer-contfolJed «enonipcianism systems 
309 

Tracer<onlrolIcd slide hjdraulic 318 
Tracer-controlled sjstcm two-dimensional 
313 

Tracing ciKuit four edge ^al\e 307 
parallel 306 
Tracing cTTor 301 314 
Tracing method 15 

Tracing one dimensional controlled 311 
Tracing speed 30o 

Tracing sjstem constant pressure 306 
Tram differential 49 
Transducer 27 SO 

Two-dimensional tracer-controlled system 
313 

Tno-posilipft directional >aJve 327 333 
Two section gear bobber ’03 
Two stage controls 3i4 
Two->olumc low and high pros uro pumps 
23i 

Two-way aahe 330 

U-cup packing 257 
Underlap ^alre 309 

Unit boilt drxJiing borwg and nulling 
machines 213 
Universal gear bobber 115 
USSR Academy of Sciences 368 

>ahe 323 
\alvo actuation 333 
Valve dividing 329 
flow divider 302 
ideal 310 

pressure-compensated flow-control 293 
pressure-control 323 32* 

Valvo spool 331 
Valve symbols 358 
Valve uodcrlap 309 
Valve zero-lap 310 
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Vano pump data. 224 
Vapour tension, 231 

Variable-displacement control, 276, 279, 
284 

Variable-displacement radial piston pump, 
234 

Velocity increase factor, 328, 329 
Velocity, piston, 267 
Vertical gear .shaper, 135 
Vl.scosity index, 215 
Volume controls, 30 
Volumetric changes in hydraulic systems, 
223 

Volumetric efficiency, 284 


Volumetric loss coefficient of pimip, 229 
Volumetric losses, coefficient of, 224 


Welded-flange fitting, 222 
Welded-typc pipe fitting, 222 
Wheatstone bridge, 303 
Worm grinding machine, 91 
Worm thread generator, 43, 89 
Working pressure, 223 


Zero-lap valve, 310 
Zerol bevel gears, 162 
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Vane pump data, 224 
Vapour tension, 231 

Variable-displaceinenl control, 276, 279, 
284 

Variable-displacement radial piston pump, 
234 

Velocity increase factor, 328, 329 
Velocity, piston, 267 
Vertical gear shaper, 135 
Viscosity index, 215 
Volume controls, 30 
Volumetric changes in hydraulic systems, 
223 

Volumetric efficiency, 284 


Volumetric loss coefficient of pump, 229 
Volumetric losses, coefficient of, 224 


Welded-flange fitting, 222 
Welded-type pipe fitting, 222 
Wheatstone bridge, 303 
AVorm grinding machine, 91 
Worm thread generator, 43, 89 
Working pressure, 223 


Zero-lap valve, 310 
Zerol bevel gears, 162 
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